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ABSTRACT

Oil spills from different sources such as natural seeps, waste waters, runoffs and
accidental oil spills can have serious effects on the environment while also resulting in
potentially major economic damage. Due to the harmful effects of crude oil components
on ecosystems, a rapid response to sequestrate oil is required to minimize any resulting
environmental impact. Currently used oil removal methods, in addition to their advantages,
also have severe limitations. New techniques have been developed including
nanotechnology to address these limitations. A new type of nanoparticle (NP), composed
of polyvinylpyrrolidone (PVP) coated iron oxide (magnetite), has been successfully used
to remediate oil-contaminated waters. This dissertation reports amelioration of oil toxicity
to harpacticoid copepods using these NPs, while at the same time stimulating the growth
of oil-degrading bacteria and subsequent oil removal. Finally, a method was developed and
validated to quantify internalized Fe from NPs. This method will help to better understand
the NP fate in the presence of oil and therefore understand the mechanisms of improved
remediation using.
An acute toxicity assay based on the estuarine copepod Amphiascus tenuiremis has
been performed to evaluate the toxicity of PVP-coated iron oxide NPs, wateraccommodated fractions (WAF) and both together. The synergistic use of the PVP-coated
iron oxide NPs with oil-degrading bacteria for enhancing oil removal at the laboratory scale
was performed. To estimate intercellular NP uptake of metal from NPs, the outer cell
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membrane of Gram-negative bacteria has been removed using ethylenediaminetetraacetic
acid (EDTA) at an optimal time and concentration. This was followed by standard
digestion and metal measurements. Live/dead staining, transmission electron microscopy
(TEM) and metal analysis were used for verification of this method.
Results indicated that the NPs alone had no significant impact on copepod survival
up to concentrations of 25 mg L−1 over 4 days of exposure, importantly, while, 18 mg L−1
over a 1 hour time period was the optimal for oil removal by these NPs from the aqueous
phase. WAF was highly-toxic to copepods (mortality 95 ± 5%). Mixing the NPs with
undiluted WAF and magnetic removal within 1 hour of exposure resulted in a >90% (pvalue < 0.05) reduction in toxicity compared with undiluted WAF alone having no added
NPs. Additions of NPs to undiluted WAF for up to 72 hours without magnetic separation
also resulted in significantly (p-value < 0.05) reduced toxicity, suggesting that the oil-NP
mixture influenced toxicity. The growth of oil-degrading bacteria was significantly (pvalue < 0.05) stimulated in present of NPs and WAF, when compared to WAF alone. This
growth enhancement was likely due to the additional available of Carbone and iron source.
The combination of PVP-coated iron oxide NPs and oil-degrading bacteria experiments
indicated that oil removed essentially 100% of oil within 24 h. For comparison, NPs alone
could remove approximately 65% of oil within 1 h, when magnetic separation of NP was
used; Oil-degrading bacteria could remove about 80–90%, but it required 48 h. A possible
explanation is that the oil-NP complexes became more bioavailable to bacteria as a joint
Fe and C source. Furthermore, results showed that the emission of selected volatile organic
compounds (VOCs) and semi volatile organic compounds (SVOCs) were reduced after
additions of NPs and bacteria separately. When combined, VOC and SVOC emissions
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were reduced by up to 80%. These initial data suggest that these NPs could be added rapidly
to oil spills in marine system to reduce acute oil toxicity and increase oil degradation.
Finally, we developed and validated an extraction method using EDTA, which can estimate
internalization of metal NPs into Gram-negative bacteria. Results showed the outer cell
membrane was successfully removed from bacterial cells without lysis of the inner plasma
membrane of cells, and indicated that the quantitative separation surface-attached NPs
from those internalized within the bacterium. This technique offers a promising approach
for quantifying NP and metal internalization processes in Gram negative bacteria.

vii

TABLE OF CONTENTS
Dedication .......................................................................................................................... iii
Acknowledgements ............................................................................................................ iv
Abstract ................................................................................................................................v
List of Tables .......................................................................................................................x
List of Figures .................................................................................................................... xi
Chapter 1: Introduction .......................................................................................................1
1.1 Oil spills ...............................................................................................................2
1.2 Impact of oil spills on aquatic ecosystems ...........................................................3
1.3 Current oil removal techniques ............................................................................5
1.4 Biodegradation and bioremediation .....................................................................7
1.5 Biostimulation and bioaugmentation ....................................................................8
1.6 Nanotechnology for environmental remediation ................................................12
1.7 Dissertation aims and overview ..........................................................................14
Chapter 2: Use of PVP-coated magnetite nanoparticles to ameliorate oil
toxicity to an estuarine meiobenthic copepod and stimulate the growth of
oil-degrading bacteria. ...............................................................................................16
2.1. Introduction ........................................................................................................18
2.2. Materials and Methods .......................................................................................20
2.3. Result and Discussion ........................................................................................23
2.4. Conclusion ..........................................................................................................28
Chapter 3: A Novel method for the synergistic remediation of oil-water

viii

mixtures using nanoparticles and oil-degrading bacteria...........................................35
3.1. Introduction ........................................................................................................37
3.2. Materials and Methods .......................................................................................39
3.3. Result and Discussion ........................................................................................43
3.4. Conclusion ..........................................................................................................46
Chapter 4: A novel method to estimate cellular internalization of
nanoparticles into Gram-negative bacteria: Non-lytic removal of
outer membrane and cell wall. ....................................................................................54
4.1. Introduction ........................................................................................................55
4.2. Materials and Methods .......................................................................................58
4.3. Result and Discussion ........................................................................................63
Chapter 5: Conclusion .......................................................................................................75
References ..........................................................................................................................79
Appendix A: Improved metal remediation using a combined bacterial and
nanoscience approach ...............................................................................................106
Appendix B: License agreement for Chapter 2................................................................114
Appendix C: License agreement for Chapter 3................................................................115
Appendix D: License agreement for Appendix A ...........................................................116

ix

LIST OF TABLES
Table 3.1. Percentage of n-alkane removal/degradation by PVP-coated iron
oxide NPs, Halamonas sp., V. gazogenes, M. hydrocarbonoclasticus and both
after 1, 24 and 48 hours of incubation at 28 ± 1°C with shaking (180 rpm),
X and SD represent mean and standard deviation. ............................................................47
Table 3.2. GC-MS results of VOCs/SVOCs removal by PVP-coated iron
oxide NPs, Bacteria (Halamonas sp) and both after 1 hour and 48
hours. * (p < 0.05). .............................................................................................................48

x

LIST OF FIGURES
Figure 1.1. Pathways of spilled oil may affect the marine ecosystem .................................6
Figure 1.2. The pictorial diagram of biostimulation ..........................................................10
Figure 1.3. The pictorial diagram of bioaugmentation. .....................................................11
Figure 2.1. Fluorescence spectra of the WAF sample before and after NM
addition (18 mg L-1) and oil removal after 1 hour using magnetic separation. .................29
Figure 2.2. Mortality of copepods when exposed to different concentrations of
PVP-coated iron oxide NMs. No significant toxicity was observed at concentrations
up to 25 mg L-1. The error bars represent one standard deviation
(n=3). * (p < 0.05). .............................................................................................................30
Figure 2.3. Copepod mortality when exposed to different WAF dilutions. The
control was synthetic seawater 30 ppt. The error bars represent one standard
deviation (n=3). * (p < 0.05). .............................................................................................31
Figure 2.4. Copepod mortality when exposed to 18 mg L-1 of PVP-coated iron
oxide NMs in 100% WAF over time. Two controls were used; control 1 contained
30 ppt seawater only; control 2 contained 100% WAF in seawater. The four
treatments labelled 0, 24, 48 and 72 hours correspond to additions of NMs to
WAF and copepods in synthetic seawater at these time points. The *1h label
relates to NM-facilitated removal of oil after 1 hour. The error bars represent one
standard deviation (n=3). * (p < 0.05). ..............................................................................32
Figure 2.5. Copepod survival when exposed to 18 mg L-1 of PVP-coated iron
oxide NMs in 100% WAF over time. Two controls were used; control 1
contained 30 ppt seawater only; control 2 contained 100% WAF in seawater.
The four treatments labelled 0, 24, 48 and 72 hours correspond to additions
of NMs at these time points to WAF and copepods in synthetic seawater with
separate addition of fulvic acid and alginic acid. The *1h label relates to
NM-facilitated removal of oil after 1 hour with fulvic acid and with alginic acid.
The error bars represent one standard deviation (n=3). * (p < 0.05). ................................33
Figure 2.6. Growth curve versus time of M. hydrocarbonoclasticus incubated
in marine broth (MB) media alone (control), media plus WAF (MB + WAF),
media plus nanomaterials (MB + NMs) and media, WAF and NMs. ...............................34
Figure 3.1. Phylogenetic tree based on 16S rRNA gene sequences for bacterial strain
(C170317422-OB) isolated from soil contaminated with oil ............................................49
Figure 3.2. GC-MS results of n-alkane removal/degradation by a) PVP-coated
iron oxide NPs after I h. b) by Halamonas sp. after 1, 24, 48 and 72 h. c) by

xi

both after 1, 24 and 48 h. Error bars represent one standard deviation
(n=3). * (p < 0.05) ..............................................................................................................50
Figure 3.3. GC - MS results of n-alkane removal/degradation by a) PVP-coated
iron oxide NPs after 1 h. b) by V. gazogenes after 1, 24 and 48 h. c) by both
after 1, 24 and 48 h. Values are means, and error bars represent one standard
deviation (n=3). * (p < 0.05) ..............................................................................................52
Figure 3.4. GC - MS results of n-alkane removal/degradation a) by PVP-coated
iron oxide NPs after 1 h. 2) by M. hydrocarbonoclasticus after 1, 24 and 48 h. 3)
by both after 1, 24 and 48 h. Bars are means and error bars represent one standard
deviation (n=3). * (p < 0.05) ..............................................................................................53
Figure 4.1. Schematic diagram illustrates the action of EDTA on Gram-negative
bacteria outer membrane removal and release of most of the sorbed NPs ........................67
Figure 4.2. TEM images of PVP-coated iron oxide NPs. a) showing clusters of
NPs. The mean core size of the NPs is 13.7 ± 4.4 nm obtained by ImageJ. b)
showing an individual nanoparticle, with a core of iron oxide coated with PVP. c)
TEM-EDX spectra of PVP-coated iron oxide NPs. d) Size distribution intensity
graph of PVP- coated iron oxide NPs as determined by DLS ...........................................68
Figure 4.3. TEM micrographs revealing attachment of nanoparticles to the
surface and within the periplasm of Halomonas sp. a) bacterial cell without NPs
(control). b and c) bacterial cell exposed to NPs ...............................................................69
Figure 4.4. The cross-sectional and longitudinal sectional TEM micrographs
showing interactions of bacteria (Halomonas sp.) and PVP-coated iron oxide NPs.
a) longitudinal section without NPs ( control). b) longitudinal section with NPs.
c) cell cross section without NPs ( control). d) cross section with NPs.............................70
Figure 4.5. Time-survival curves of Halomonas sp. cells in the presence of
EDTA . The graph highlights the effects of different concentrations of EDTA
on the bacterial survival and growth ..................................................................................71
Figure 4.6. Confocal laser scanning microscopy (CLSM) images illustrating
effects of EDTA (30 mM) on cell viability versus time. Cells were stained with
BacLight LIVE/DEAD®. a) Control. b) After 3 h incubation. c) After 4 h incubation.
Live and dead cells observed as green and red color, respectively. Note that live cells
were not abundant after 3 h of incubation in EDTA. d) Percentage of dead bacteria in
control and EDTA treated bacteria versus time .................................................................72
Figure 4.7. TEM images illustrating the effects of EDTA (30 mM) on bacteria
(Halomonas sp.) over time. a-e represent images for control, 2h , 3h, 4 h and
5 h respectively. Note 7d: the outer membrane is bubbling outwards shortly
before, total collapse of cell (7e)........................................................................................73

xii

Figure 4.8. Kinetics of cellular uptake of NPs into bacterial cells. The mean mass of
internalized Fe increases almost linearly ...........................................................................74

xiii

CHAPTER 1

INTRODUCTION
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1.1. OIL SPILLS
Crude and other types of oil spills can be released into marine and aquatic
environments from different sources such as natural seeps or technical problems associated
with the oil industry [1]. Oil spills can cause major economic and environmental issues [25]. For instance, the environmental catastrophe in the Gulf of Mexico, Deepwater Horizon
2010, led to a massive spill, nearly 800 million liters of oil were released into the surface,
subsurface and deep water of the Gulf of Mexico resulting in significant damage to marine
life [6-8]. Approximately, 2000 km of costal area in 4 American states, at least, were
affected, including beaches, wetlands and estuaries which are important habitats for a wide
range of species [9-12] and affecting the diversity of the microbial community by
increasing hydrocarbon-degrading microorganisms [13, 14], along with economic huge
damage [15-17]. Oil pollution is not only restricted to large scale oil spills but also more
frequently occurring in small scale oil spills [18]. For example, The frequency of oil spills
under 400 liters represent 92% of the total spill reported globally [19]. In the United States,
there are about 25 spills per day reported into water routes and 75 spills on land, and about
12 spills daily reported in Canada [20]. In China, an oil spill happens once every 4 days in
coastal areas [21].
Several factors such as spill location, amount spilled and oil type can be crucial in
determining the overall impact an oil spill incident [22]. Location is one of the most
important factors of an oil spill impacts [23]. The closer oil spills to shore and human
populations, the greater economic impacts and more expensive they are to remediate
because of the effects on human population and their properties [24]. For example,
although about 250 million liters of oil spilled during the ABT Summer spill in 1991, no
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effects were reported on human populations and low clean-up cost because it occurred
about hundreds of miles offshore [25]. While, the ultimate cost of Deepwater Horizon oil
spill was $145.93 billion [26]. Estimates of near shore oil spills cleanup is 4-5 times more
expensive than offshore oil spills [27, 28]. The amount of oil spills is another important
factor in determining the effect on the environment [29]. It is clearly obvious that spilled
of 100 million liters of crude oil will result more severe effect than 1 million liters [22].
However, the amount of the damage depends on the location of the spills [30]. The oil type,
such as light, heavy and intermediate, is another significant factor that determine the
impacts on the environments [29, 31]. Each type has unique effects on the environments.
There are two different aspects of the effects of the oil type, clean-up cost and toxicity.
Light oil such as gasoline and light crude oil do not persist on the surface of the waters due
to rapid evaporation [32]. Thus, it requires relatively low-cost clean-up [33, 34]. For
instance, in the BRAER incident in Shetland, UK, about 85 million liters of light crude oil
were spilled, but the recovery cost was about just 0.5 million and the effects were not as
expected [22, 35]. However, light oils are more likely caused greater impact on aquatic
organisms than heavy oils due to their solubility and toxicity [36-39].
1.2. IMPACT OF OIL SPILLS ON AQUATIC ECOSYSTEMS
Oil is a toxic substance and has harmful effects on entire aquatic ecosystems [4044]. Oil spill consequences often result in immediate and long-term impact that can last for
decades, in some cases [45]. The longer the crude oil spilled is left in the environment, the
more damage it can do [46]. Several studies demonstrated the effects of oil spills on aquatic
organisms and entire ecosystems from a few hours to a few decades [21, 47-50]. During
oil spills, petroleum hydrocarbons are released in large amounts that have potential toxic
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effects on aquatic (micro)organisms, in particular, in the first days of an oil spill [48, 51].
Microorganisms such as phytoplankton and zooplankton are affected rapidly upon
exposure to oil spills [52, 53]. Several studies showed remarkable toxicity of crude oil
compounds to aquatic organisms [54-63]; they can affect the brain, liver, kidneys, and
hearts of aquatic and terrestrial organism [21, 64-67]. Inhalation of airborne toxic
compounds that emitted after an oil spill by humans or other species may cause serious
pulmonary disease, including lung cancer [68, 69]. Due to lipophilic of most of the oil
compounds, especially poly aromatic hydrocarbons (PAHs), they accumulated in
organisms’ tissues and strongly affecting their metabolism and physiology causing
toxicity, mutagenicity and carcinogenicity [70-73]. Aquatic organisms may be exposed to
petroleum hydrocarbons either acutely or chronically [74, 75]. Mass mortalities of fish,
seabirds and other aquatic organisms are a common result of acute exposure of oil spills,
especially large spills [76, 77].
variety of physical, chemical, and biological processes that crude oil undergoes
when introduced into aquatic environments [78, 79]. Processes involved in the weathering
of crude oil include evaporation, dissolution, photolysis and emulsification [80-83]. Figure
1 summarizes the pathways of spilled oil into the marine ecosystem [84]. Oil spill spread
initially on marine water surface as a slick. The first stage of spilled oil impact is rapid
evaporation of volatile components in crude oil. Approximately, 30% of 35 million liters
of oil spilled by the Exxon Valdez oil spill, and 23% of the oil spilled mass by Deepwater
horizon oil spill were evaporated into the atmosphere within a few hours to several days
[85, 86]. After evaporation, low-molecular- hydrocarbons will dissolved in water and
retained in water column until degraded by microorganism [87]. Dissolved compounds will
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transported by ocean circulations and causing severe effects on aquatic life [88-90].
Previous studies showed that considered amount of dissolved oil compounds were
bioavailable through at least five years after an oil spill [91]. Due to floating of oil on the
surface of water, oil spills may limit photosynthesis of marine plants and phytoplankton,
then cause acute impacts on aquatic organisms [92]. Photolysis (solar irradiation) is another
effect derived from oil spills. Photolysis increases toxicity of water in contact with oil by
oxidation of some components presents in crude oil [93]. Oil components resulting from
oil spills may be accumulated to form tar balls and descend into the seafloor [94]. In most
cases, a water-in-oil emulsion also called ‘mousse’ is rapidly formed, when crude oil is
spilled [95]. Oil mousse may persist in the water for several years, especially rocky shores
[96]. The formation of mousse has direct effects on the biological and photochemical
degradation and fate of the oil spill [97, 98]. Therefore, due to the adverse effects of oil
spill on entire ecosystem including plants and animals, immediate efficient actions are
required to eradicate or minimize environmental effect of oil spills.
1.3. CURRENT OIL REMOVAL TECHNIQUES
Currently techniques for oil spill clean-up comprises of booms, sorbent, skimmers,
dispersants, in-situ burning, and biodegradation. However, in addition to their advantages,
these methods have significant limitations [99]. For instance, booms, are temporary
floating mechanical barrier often employed as a first response to contain and stop the
movement of an oil spill [100]. However, booms are affected by sea conditions and waste
disposal is a serious challenge [101]. Sorbents may be served as a final cleanup step of a
spill or in very small spills. The major limitations for sorbents are that they may sink during
application, and eventually, oil will release from them over time, and they are expensive
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Figure 1.1. Pathways of spilled oil may affect the marine ecosystem [84].
[102, 103]. Skimmers remove concentrated floating oil, but they are limited by weather
conditions at spill, and do not always work effectively [104]. Dispersants are chemicals
commonly used for oil spill treating. The major issues associated with the use of dispersants
are expensive and contain toxic material to aquatic organisms [99]. in-situ burning is a
rapid, inexpensive and one-step method, to control an oil spill, but it is only effective at
early stage of the spill and on thick layers of oil and can cause sever atmospheric pollution
[105].
Biological approach for oil remediation is using microorganisms to break down
crude oil component [106, 107]. It is effective and not expensive [108], but are limited by
availability of appropriate microorganisms and levels of nutrients [109, 110]. This will be
discussed further later in this chapter. Given the limitations of current techniques for oil
spill remediation, novel solutions, facile, low cost, reusable, effective oil/water separation
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and environmentally friendly are being actively developed including nanotechnology
which may give promising results in future [111-113].
1.4. BIODEGRADATION AND BIOREMEDIATION
1.4.1. Biodegradation
Biodegradation is a natural process whereby microorganisms used to treat
contaminated environment by metabolizing (degrading, detoxifying, or mineralizing) the
targets pollutants or converting the pollutants to harmless products [114, 115]. Many
microorganisms such as bacteria, fungi, yeast, algae and other organisms, are capable of
utilizing some contaminants as a source of carbon [116-123]. Biodegradation breaks down
organic matter into nutrients that can be used by other organisms [124]. The secondary
metabolites resulting from degradation process from one organism can become the nutrient
for others [125]. Biodegradation can occur under aerobic or anaerobic conditions [126128]. It is considered as a natural waste management system necessary to keep the
environment clean and healthy [129].
1.4.2. Oil-degrading bacteria
Many microorganisms are able to degrade several hydrocarbons under both aerobic
and anaerobic conditions [114, 130-132]. However, bacteria are the most active
microorganisms known for degradation of hydrocarbons and play a vital role as primary
degraders of spilled oil [133, 134]. Oil degrading bacteria are founded in different locations
in water column and the sediments [135-138]. Several oil-degrading bacteria strains have
been isolated and utilized as hydrocarbons biodegrades such as Pseudomonas,
Marinobacter, Rhodococcus, Achromobacter, Mycobacterium, Acinetobacter and many
others (more than 200 species) [139-142]. Some bacteria have ability to degrade a broad
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spectrum of petroleum hydrocarbon by utilizing n-alkanes (C6–C40) and other compounds
as the sole carbon sources [143-146].
1.4.3. Bioremediation
Bioremediation is a human intervention for enhancing natural biodegradation by
stimulating the growth of specific microorganisms that use contaminants as a source of
food and energy [147-150]. Bioremediation is a smart use of proper microorganisms,
including genetically adapted to contaminants exposure, to speed up rates of oil
biodegradation [151]. The process of bioremediation depends on nature of the pollutants
and other factors such as temperature, nutrients and oxygen levels [152-155].
Bioremediation has been studied since 1940s, but it has been applied in the United States
as oil clean up technology in 1980s [156]. Bioremediation of oil spills has been considered
one of the principal removal methods in the aquatic environment [157]. It is a promising
option for oil remediation since it is alternative to chemical and physical methods with less
environmental damage, and also it is considered as a relatively low-cost approach [110,
158, 159]. Although most of petroleum components can be degraded into inorganic
compounds by oil-degrading bacteria and other microorganisms, the degradation efficiency
rate of petroleum is different due to the type of petroleum hydrocarbons and the effect of
the external environmental parameters [108, 160-162].
1.5. BIOSTIMULATION AND BIOAUGMENTATION
To enhance the bioremediation process, other factors must be considered such as
oil-degrading microbe and nutrient (oxygen, nitrogen and phosphorous). Absence or lack
of any of the these essential factors, makes the remediation process under natural
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conditions inefficient [163]. There are two main types of bioremediation technologies
bioaugmentation and biostimulation [164].
1.5.1.Biostimulation
Biostimulation is a method to accelerate the biodegradation of pollutants, such as
hydrocarbons, as the addition of one or more nutrients to the system, Figure 2, to increase
the degradation rete of the indigenous microbial population [165-167]. Many nutrients are
needed to use for successful biodegradation of pollutants especially nitrogen and
phosphorus, which they are limited in the most environments [168-170]. During oil spills,
the carbon will be significantly increased, but the availability of nitrogen and phosphorus
became the limiting factor for oil biodegradation [171]. It has been described previously
that the addition of nutrients or oxygen will increase the population and activity of naturally
occurring microorganisms for biodegradation [172, 173]. Several previous studies have
shown biostimulation as an important remediation method for the degradation of
hydrocarbons [174-176] because most of the oil contaminated sites are nutrients limited,
and the biodegradation will be enhanced significantly as nutrients added. The primary
advantage of biostimulation is that the biodegradation will be processed by already present
native microorganisms that are suited to the environment [177]. Whereas, the primary
limitation is to control the release rates of suitable nutrient concentrations into the open
marine environment over long periods of time [178]. Addition of nutrients might also
enhance the growth of non-oil-degrading microorganisms that creating a competition
between the resident micro flora [179].
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Figure 1.2. The pictorial diagram of biostimulation [177]
1.5.2. Bioaugmentation
Bioaugmentation method is based on addition of selected microbial species have
ability to degrade pollutants into a contaminated environment [180-182]. This method
involves the addition of a pre-adapted pure bacterial strain, wild type or genetically
modified microorganisms (single strains or consortia), to contaminated sites in order to
accelerate degradation of undesired compounds (Figure 3) [177, 183-185]. The native
microorganisms may not be capable of degrading the wide range of complex substrates
such as hydrocarbons [186] or they may be under shock due to exposure to the oil spill
[109]. The adaptation of the added microbial population is an essential factor for successful
bioaugmentation process to the sites to be remediated [187]. The use of indigenous
microorganisms that previously isolated from contaminated sites was showed to be one of
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the most powerful method for bioaugmentation [188-191]. Using naturally adapted
microbial consortia instead of using single bacterial strain may be more effective for
biodegradation [183].

Figure 1.3. The pictorial diagram of bioaugmentation. [177]

However, bioaugmentation is still questionable method of bioremediation because
the addition of nutrient alone (biostimulation) is more effective than the addition of
microbial population that could not degrade all the components of crude oil [192-194]. The
successful bioaugmentation requires the fully understanding of types and components of
pollutants and microbial strains to be added to design optimum bioaugmentation method
[195].
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1.6. NANOTECHNOLOGY FOR ENVIRONMENTAL REMEDIATION
Environmental pollution is one of the main global problems that world faces today
[196-198], and its potential to effect the environment and human health [199, 200]. Several
techniques have been used to remediate contaminates from the environment such as
sorption, membrane filtration, chemical precipitation, solvent extraction and other
techniques that listed in many review papers [201-204]. However, sorption has become
one of the most effective and common techniques due to easy to operate, low cost and
environmentally friendly [205-207]. Nanotechnology with superior performance has
emerged as a potential novel solution for environmental contamination remediation, and to
address limitations of conventional technologies for environmental remediation [208-210].
Nanotechnology is the technological use of nanoparticles (NPs), are materials that have at
least one dimension in the size range of 1 to 100 nm [211]. Nanotechnology sorption based
has been increasingly used for addressing environmental pollution [212-216]. For instance,
nanoscale zero-valent iron has been found more effective than bulk iron powder for
treatment of organic and inorganic contaminants in water [217, 218]. Magnetic NPs are
used for oil clean-up because of their relatively low cost and perfect water cleanup and
complete removal of petroleum [219-221]. Among them, iron oxide NPs the most
extensively used for oil remediation and other application because of their unique
properties such as low toxicity and superparamagnetism, which allows easy separation
from the aqueous phase after the sorbents are saturated, near completely petroleum removal
and relatively easy synthesis [221-223]. The mechanism of oil removal by NPs sorption
based is likely due to the hydrophobic effect of the NP coating allowing sorption of
hydrocarbons from oil contaminated water onto the NPs [224].
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1.6.1. Iron oxide NPs for oil remediation
In recent years, iron oxide NPs have drawn especial attention in the field of oil and
other remediation due to their inherent low toxicity, superparamagnetism and easy
magnetically separation from fluids [225]. Thus, different synthesis techniques have been
developed to synthesis iron oxide NPs for environmental remediation applications such as
1) co-precipitation, 2) thermal decomposition, 3) hydrothermal synthesis, 4) microemulsion, sonochemical 5) and supercritical fluid (SCF) methods [226, 227]. However, coprecipitation methods are the most commonly used for synthesis iron oxide NPs for oil
remediation because of facile, efficient, cost-effective synthesis technique as well as
excellent results in water cleanup and complete removal of petroleum [228].
1.6.2.

Cost of the synthesis NPs.

Many NPs synthesis methods are available on a laboratory scale, however, only a
few methods can apply for commercial scale [229]. Scalability of NPs production method
is an important, but the cost of synthesis is more important for the commercialization [230].
Using cheap organic solvent and select cheap metal salts as metal precursors is playing a
vital role in the cost of synthesis and necessary for the method to be effective. Previous
study showed an example of calculation of synthesis of NPs that used for oil remediation
from different methods for 1 kg of NPs [231]. Although the NPs were synthesis for same
purpose, oil remediation, choosing the materials and experimental conditions played an
important role in reduction the cost. Moreover, synthesis techniques previously reported
for the application of NPs on oil remediation used for a laboratory scale [223, 232-234].
However, a large-scale of oil clean-up NPs requires high volume of materials resulting
reduction in total cost.
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1.6.3. Environmental effect of NPs
In recent years, various applications have been successfully shown excellent results
of using NPs in the environmental pollution remediation at the laboratory scale [235-237].
The ability of this technology in wide range of applications and cost-effectiveness
compared with remediation conventional methods, has led to attract scientists [238].
However, there are different consequences between lab and industrial scale [239]. Along
with the using of NPs for environmental remediation, environmental impact assessment of
NPs is necessary not only for determining environmental effects possible of exposure of
NPs, but also for synthesis safer environmental- used NPs [240]. In environmental
pollution nanoremediation, NPs inevitably enter the ecological environment, and may
cause potential toxic risks to human and environment [241, 242]. Therefore, using safe and
non-toxic precursors for synthesis NPs and optimizing experimental conditions can
basically achieve the requirements of lower environmental impact [202].
1.7. DISSERTATION AIMS AND OVERVIEW
As long as the world keeps on relying on crude oil to provide the energy, oil spills
will remain a serious threat to marine and freshwater environments. Current oil clean-up
methods, in addition of advantages, they have serious limitations could affect their
efficiency. New methods have been developed including nanotechnology to address
limitation of current oil clean-up methods.
The specific aims of the present work were:
i) measured the toxicity of PVP-coated iron oxide NPs, and evaluated their ability to
ameliorate oil toxicity. ii) synergistically used of nanoparticles and oil-degrading bacteria
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to degrade oil spills in aquatic environments. iii) developed a novel method to estimate
cellular internalization of nanoparticles into Gram-negative bacteria.
This dissertation reports a nano-bio-based system for oil clean-up and ameliorate
oil toxicity in the environment. This dissertation is organized as follows: Chapter 2
describes the acute toxicity of PVP-coated magnetite nanoparticles to a model estuarine
copepod, and evaluated their ability to ameliorate oil toxicity. Chapter 3 describes oil
removal efficiency of synergistic method of PVP-coated magnetic NPs and oil-degrading
bacteria. Chapter 4 reports a developed and validated an extraction method which can
operationally estimate internalization of metal NPs into Gram-negative bacteria. Chapter 5
summarizes the results of this dissertation.
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CHAPTER 2

USE OF PVP-COATED MAGNETITE NANOPARTICLES TO AMELIORAT OIL
TOXICITY TO AN ESTUARINE MEIOBENTHIC COPEPOD AND STIMULATE
THE GROWTH OF OIL-DEGRADING BACTERIA

Alabresm A, Mirshahghassemi S, Chandler T, Decho AW, Lead JR. Use of PVP-coated
magnetite nanoparticles to ameliorate oil toxicity to an estuarine meiobenthic copepod
and stimulate the growth of oil-degrading bacteria. Environmental Science: Nano 2017.
Reprinted here with permission of publisher.
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Abstract: Crude oil and its water-accommodated fractions (WAF) have the potential to
cause catastrophic damage to aquatic ecosystems when released. A new nanomaterial
(NM), composed of polyvinylpyrrolidone-coated iron oxide, has been successfully used to
remediate oil-contaminated waters. In this study, the toxicity of these NMs, crude oil WAF,
and their mixtures was evaluated using an acute toxicity assay based on the estuarine
copepod Amphiascus tenuiremis. Results showed that the NMs had no significant effect on
copepod survival up to concentrations of 25 mg L-1 over 4 days. For comparison, optimal
oil removal from the aqueous phase was shown to be at 18 mg L-1 over 1 hour. WAF was
highly-toxic to copepods (mortality 95 ± 5%). Mixing and magnetic removal of NMs
within 1 hour of exposure to WAF resulted in a > 90% reduction in toxicity compared to
the control sample that contained WAF with no NMs. Addition of NMs to WAF at times
up to 72 hours without magnetic separation also resulted in significantly reduced toxicity,
suggesting that the physical form of the oil:NM mixture influenced toxicity. The addition
of oil degrading-bacteria to WAF treated with NMs resulted in significant stimulation of
bacterial growth relative to WAF without NMs, likely because of the input of additional
available Fe and C sources. These initial data suggest that under realistic environmental
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conditions, these NMs could be added rapidly to oil spills in marine systems to reduce
acute oil toxicity and increase oil degradation.
2.1. INTRODUCTION
Oil spills resulting from industrial wastes and maritime disasters have the potential
to cause catastrophic damage to aquatic ecosystems. For instance, in the Deepwater
Horizon oil spill (2010) more than 4 million barrels of oil were released into the Gulf of
Mexico[243] and caused severe damage to important habitats;[244] crude oil and its
fractions are a mixture of aromatic and aliphatic hydrocarbons, which may be highly toxic
[245-247]. When spills occur they need to be remediated as rapidly as possible to prevent
ecosystem and economic damage.
Currently, several techniques are used to remove spilled oil in aquatic systems
including barriers, skimmers, sorbents, in situ burning, dispersants, and biological
methods. However, each of these techniques has limitations. For example, barriers are
widely used when oil spreads rapidly on water after a spill, however, there are disposal
issue and the barriers have a low oil removal efficiency [248, 249]. Skimmers are most
effective when the floating oil is concentrated in a thick layer, but they are limited by
marine conditions such as wind speed, waves and currents [250], and do not always
function optimally [251] . Sorbents have low oil removal efficiency and their disposal is
expensive [252] . In-situ burning is a rapid method to respond to an oil spill, but it is only
effective on thick layers of oil and can cause localized atmospheric pollution. In addition,
burning is not always feasible even for surface oil [253]. Dispersants breakdown oil,
potentially increasing the concentration of harmful dissolved oil components such as
polycyclic aromatic hydrocarbons (PAHs) in the water column, which can increase
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degradation rates but also can increase toxicity to aquatic organisms[254, 255]. Although
biological methods may completely mineralize oil, it is generally a slow process, taking
months to occur[256]. Due to these limitations of currents techniques, new technologies
including nanotechnology [257, 258] have been developed.
Nanomaterials (NMs) have at least one dimension in the size range of 1 to 100 nm
[259] and have novel or unusual size-dependent properties. They have been widely used
for environmental remediation due to their efficiency and effectiveness [260, 261] and high
specific surface area. Potentially they may be low cost, although there are still concerns
regarding toxicity and other issues. Recently, iron oxide NMs have attracted extensive
interest for various applications due to their unique properties, such as superparamagnetism
[262], and relatively easy synthesis [263] . Although engineered iron oxide NMs have been
developed and tested, there are many remaining problems regarding applicability and
feasibility including costs and scale-up. To our knowledge, there are no studies assessing:
i) the environmental toxicity of such NMs to aquatic organisms, which will be exposed
during oil remediation, or ii) their potential to improve oil degradation.
Recently, polyvinylpyrrolidone (PVP)-coated iron oxide NMs have been used to
successfully remediate oil-contaminated waters [264-266]. Although, these NMs are likely
to have low toxicity based on composition, there is currently no direct evidence for this,
and there is no direct evidence that the successful removal of oil corresponds to reduced
toxicity. In this study, we measured the acute toxicity of PVP-coated iron oxide NMs to a
model estuarine sediment-dwelling copepod, Amphiascus tenuiremis, and evaluated their
ability to attenuate WAF-induced toxicity, along with their ability to stimulate the growth
of oil-degrading bacteria.
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2.2. MATERIALS AND METHODS
Iron oxide NMs were synthesized using a hydrothermal method under ambient air
conditions, which has been described previously. In summary, PVP (Mw 10 kDa, 1.8 g,
Sigma-Aldrich) was added to 6.25 mL ultrahigh purity water (UHP; 18.2 MΩ cm −1) and
stirred at 80 ± 5 °C for 10 minutes. Then, FeCl2.4H2O (0.198 g,98%, Alfa Aesar) and
FeCl3.6H2O (1.081 g, > 98%, BDH) were added simultaneously to the solution and stirred
at 80 ± 5 °C for a further 10 minutes. After this, 1.2 g PVP was added into the solution
and stirred at 80 ± 5 °C for 10 minutes. Finally, 6.25 mL ammonium hydroxide (28-30%,
BDH) was added dropwise into the solution at 80 ± 5 °C while being stirred and the color
turned immediately from yellow to black. This solution was stirred for 25 minutes at 90 ±
5 °C. The suspensions were separated magnetically and washed with UHP water. The
suspension was re-dispersed in UHP water using sonication. The final NM solution was
kept at 4°C for further use.
Characteristics of the PVP-coated iron oxide NMs have been measured by a multimethod approach and the results reported elsewhere [265]. Their characteristics are
summarized as follows. The diameter and morphological features of the NMs were
observed by atomic force microscopy (AFM) and dynamic light scattering (DLS). On the
basis of the AFM results, the median particle size was 11.2 nm (interquartile range:
6.3−18.3 nm). The hydrodynamic diameter was 127.4 ± 4.2 nm as measured by DLS. The
average zeta potential was 11.2 ± 0.6 mV. Total iron concentration was 18 mg L-1 as
measured by inductively coupled plasma-optical emission spectrometer (ICP-OES; Varian
710-ES), after removal of residual dissolved Fe. The NM concentration was calculated by
converting the measured iron concentration from ICP-OES to Fe3O4 NMs concentration.
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Based on our previous study [265], the dominant phase of NMs is magnetite. Other
characterization data are available from same previous study.
Crude oil, representative of BP Deepwater Horizon spill (reference MC252
surrogate oil; sample ID: A0068H, Aecom Environment) was used to prepare the oil-water
mixtures. The water accommodated fraction (WAF) was produced according to previously
reported procedures [267]. In brief, 60 mL of 0.22 µm filtered seawater (30ppt) was placed
in an amber round-bottomed glass flask (250 mL). Then 2ml of the reference oil was added
to the seawater. The glass bottle was covered and sealed by para-film to prevent
volatilization. The bottle was placed in a shaking incubator (Innova® 44 – Eppendorf) for
36 hours at 20 ± 1 °C. The suspension was then left to settle for 3 hours. The WAF was
defined as the aqueous phase (containing ‘dissolved’ oil), and this fraction was placed in a
clean, covered glass flask and stored at 4 °C for further use. The fresh WAF for copepod
exposures was full-strength (100%) while serial WAF dilution were made by diluting fresh
full-strength WAF, using aerated sterilized seawater. The synthetic seawater solutions were
prepared based on the U.S. Environmental Protection Agency protocol (EPA-821-R-02012) [268]. To better mimic natural conditions, fulvic acid (SRFA, International Humic
Substances Society) and alginic acid (AA, Alfa Aesar) were separately added (each at 0.5
mg L-1) to the synthetic seawater in additional experiments.
Oil separation tests were conducted as described in previous papers [264, 265]. In
brief, PVP-coated iron oxide NMs (18 mg L-1) were added to WAF and mixed for 5 minutes
by sonication. One hour of magnetic separation (magnets of Grade N 52, K&J Magnetics
Inc.) was used to remove the NMs (with sorbed oil) from the seawater. The remaining
water was collected for further measurements using fluorescence spectroscopy. Emission
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spectra of WAF were measured on a Horiba Jobin Yvon Fluorolog-3 spectofluorometer.
The excitation wavelength 337 nm and emission range between 350 and 650 were used to
record the samples. This excitation wavelength has been widely reported to detect PAHs
in crude oil [269].
The test organism, Amphiascus tenuiremis, is a model [267, 270] sedimentdwelling harpacticoid copepod that lives in muddy estuarine systems and is widely
distributed from the Baltic Sea to the southern Gulf of Mexico [271]. It is culturable in
sediments or in seawater alone and thus is an ideal organism to test for the effects of
sediment or waterborne contaminants [272, 273]. Copepods were collected from laboratory
sediment and seawater cultures by aspiration and gentle sieving. The juvenile, copepoditestage fraction, was collected on 90 µm sieves and used in all exposures.
For toxicity tests, all exposures were conducted for 96 hours following OECD
guidelines [274] . Glass petri dishes of A. tenuiremis were incubated at 25 ± 1 °C (Revco,
Asheville, NC, USA) for four days, and monitored daily by visual inspection to assess
mortality. Each dish contained 5 mL of sterile-filtered oxygenated seawater (30 ppt) and
the potential toxicant of interest (WAF and/or NMs). Each experiment was run in triplicate
and each plate contained ten copepods. The copepods were monitored daily, not fed during
the test period, and were exposed to different concentrations of NMs and WAF either
individually or combined. NM concentrations between 0 and 100 mg L-1 were used in
exposures. For WAF and NM combined exposures, the WAF concentration was 100% and
the NM concentration was 18 mg L-1. Two sets of experiments were performed. First, the
NMs were added over time at 0, 24, 48 and 72 hours (where T=0 was point of WAF
addition) without removal. Secondly, the NMs were added to the mixture and, along with
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bound oil, magnetically removed from the aqueous sample after 1 hour. The exposure was
then continued.
For

bacterial

experiments,

the

Gram-negative

isolate

Marinobacter

hydrocarbonoclasticus strain SP17 (ATCC 49840) was chosen for its ability to degrade oil
hydrocarbons and its common presence in marine systems [275, 276]. The strain was
cultured in Difco marine broth (MB) 2216 (Difco Laboratories, Detroit, Mich.) [275].
Bacteria were grown in media alone (MB), in WAF, and in WAF and NMs (18mg L-1) at
28 °C for 42 hours while shaking (Excella E24, New Brunswick Scientific, Edison, NJ)
(180 rpm). The experiments were performed in 100-ml Erlenmeyer flasks containing 20
mL total volume of media (WAF + MB). The growth of the bacteria was routinely
measured indirectly by measuring the turbidity (OD600 nm) using a UV-visible
spectrophotometer (Shimadzu UV-2401 PC, Japan). Three replicates were used for all
experimental manipulations.
Data was statistically analyzed using SAS version 9.3 (SAS Institute, Cary NC).
Poisson regression with robust standard errors [277] was used to estimate relative risk
along with 95% confidence intervals after adjusting for any potential confounding
variables.
2.3. RESULT AND DISCUSSION
Oil removal from WAF. Figure 1 shows the fluorescence spectra for the WAF
after adding and separating the NMs. The results showed almost 100% removal of oil
components using 18 mg L-1 NMs and a separation time of 40 minutes. These data are in
agreement with previous work and show complete removal of the oil by the NMs [265,
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278, 279]. Importantly, 1 hour incubation were required for quantitative oil removal, which
is much less than the 4-day copepod exposure period during which toxicity was assessed.
Acute toxicity of PVP-coated iron oxide NMs. Figure 2 shows the PVP-coated
iron oxide NMs effect on copepod mortality when exposed to concentrations substantially
higher than those used for oil removal and over substantially longer time periods. Results
after four days of NM exposure showed no significant mortality compared to control (p =
0.78) at concentrations up to 25 mg L-1; 18 mg L-1 was used for oil removal. Small, but
significant (p < 0.05) mortality was observed at concentrations of 40 and 100 mg L-1,
although mortality never reached 50%, thus an LC50 was not calculated. No significant
toxicity was observed at time periods before 4 days at any concentration (data not shown).
These results are in agreement with studies of similar but not identical PVP-coated iron
oxide NMs on Daphnia magna [280] , which found no significant mortality up to 100 mg
L-1. Additionally, in this study, agglomeration of PVP-coated iron oxide NMs was visually
observed at concentrations above 40 mg L-1. At lower concentrations, agglomeration was
not observed suggesting that the NMs remained dispersed within the water column for an
extended period due to the PVP stabilization of nanoparticles in aqueous solution [281].
Agglomeration at higher concentrations most likely occurred due to bridging flocculation
and polymer entanglement [266] and may have resulted in higher doses of agglomerates to
copepods compared with lower NMs concentrations, where exposure was mainly via
dispersed NMs.
Acute toxicity of WAF. A. tenuiremis was exposed to a dilution series of WAF.
Figure 3 shows the WAF had substantial and dose-dependent effects on copepod mortality,
with 95 ± 5% mortality upon exposure to the 100% WAF over four days. The probability
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of death for copepods estimated over 4 days exposure to 100% WAF, was 3.9 times that
of copepods in 10% WAF and the results are in agreement with previous studies [267, 282]
. The toxicity of WAF to several marine and estuarine species has been linked primarily to
PAH toxicity [267]. Exposure to diluted WAF, down to a 10% dilution, caused observable
reduction in copepod swimming ability and overall activity although this was not
quantified. Previous studies have shown WAF exposure caused decreased swimming
ability, a loss of balance, and death even after dilution [283].
Copepods exposed to PVP-coated iron oxide NMs in WAF. Figure 4 shows the
presence of PVP-coated iron oxide NMs decreased copepod mortality upon exposure to
WAF. In the case of NM addition with WAF, followed within 1 hour by magnetic removal
of NMs and their associated WAF elements, mortality was reduced by approximately 90%
(p << 0.05). These data are of particular interest since these PVP-coated iron oxide NMs
can remove oil from the aqueous phase in less than one hour [265]. Although further testing
at mesocosm and field scale is required, this suggests that immediate addition of NMs to
oil spills and discharges could, in principle, mitigate essentially much of the observed oil
toxicity. The explanation for the toxicity reduction is simply the physico-chemical removal
of essentially much of the oil including PAHs, after sorption to the polymer coating and
magnetic removal of the NM-oil complex (see Figure 1). The data shows the effectiveness
of oil removal from the sample, which in itself directly reduces oil toxicity.
Figure 4 also shows the effect of leaving the NMs in the WAF-containing media,
rather than removing them i.e. the oil is still physically present but now bound to the NMs
rather than being in the aqueous phase. The NMs were added at 0, 24, 48 and 72 hours after
WAF addition and toxicity was then examined. A significant and large reduction in
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mortality occurred when the NMs were added to the WAF media immediately or after 24
hours, and left in the sample with the WAF and copepods (p << 0.05). The reduced toxicity
is most likely because NM-bound WAF components are less bioavailable and thus less
able to cause toxicity. The design of the NMs is therefore important in several aspects of
its operation. First, at approximately 10 nm diameter, the produced NMs are sufficiently
small to provide a very high specific surface area (SSA) for oil sorption. Secondly, the size
along with the appropriate polymer coating allows dispersion and persistence even in
complex media such as marine waters with natural organic macromolecules (NOM) and
organisms. Thirdly, the high SSA and polymer coating allows substantial oil sorption
driven by the hydrophobic effect. Lastly, the size and other properties of the oil-NM
complex minimize biological impact of the oil, likely through reduced biouptake.
There was a small but statistically significant reduction in toxicity when the NMs
were added at or after 48 hours i.e. copepods were exposed to WAF for only 48 hours or
more and then NMs were added. Copepod mortality was high because of the influence of
the WAF in this initial exposure. These data, if extrapolated, provide initial suggestions
that the rapid application of these NMs to environmental oil spills, without subsequent
removal, can result in a significant reduction in harm to the environment. The non-retrieval
of these free NMs from the environment, which are themselves of low toxicity, likely has
significant cost advantages making their commercial application more appealing.
Impact of fulvic acid and alginic acid on oil toxicity. To better mimic natural
conditions, fulvic acid and alginic acid were separately added to the synthetic seawater and
similar experiments were performed. Both natural organic macromolecule (NOM) types
were added at 0.5 mg L-1, which is a relevant concentration for the marine environment
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[284]. With the addition of NOM, oil toxicity was again reduced significantly (p < 0.05)
when the NMs were added at 0 and 24 hours (Figure 5). In addition, a significant toxicity
reduction (p < 0.05) was observed after NM addition at 48 and 72 hours. Our previous
work [265, 266] has shown that NOM somewhat reduces the effectiveness of oil sorption
onto the NM solid phase and therefore higher NM concentrations are required for the same
removal efficiency. It has been suggested [266] that this reduced effectiveness of NM
remediation may be due to competitive binding of oil by NOM and/or an increased oil
solubility in water containing NOM, which consequently decreases oil sorption onto the
NMs. In this current work, NM concentration was kept constant; the reduced toxicity of oil
in the presence of NOM is likely due to the oil-NOM binding, which likely reduced oilrelated toxicity compared to oil in the aqueous phase (with no NOM) [285]. The data again
indicates, that under realistic environmental conditions these NMs could be added to oil
spills in marine systems within a short period of time and significantly reduce acute oil
toxicity.
Bacteria exposed to PVP-coated iron oxide NMs in WAF. Figure 6 shows
change over time bacterial growth as a function of conditions. The data clearly show a
statistically significant (p < 0.05) increase in bacterial growth in the presence of either oil
or NMs, with a further increase in the presence of both. The stimulation in growth of this
known oil-degrading bacterium (M. hydrocarbonoclasticus) suggests a method by which
oil degradation might be facilitated in-situ, and further work at mesocosm and field scale
is required to test. This promising data suggests a dual process, whereby the NMs reduce
oil toxicity and enhance oil degradation. Although designed for magnetic removal, leaving
the NMs in the water may be a more effective strategy for oil remediation, while also
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advantageously being less costly and requiring less skilled labor to implement, therefore
allowing quicker and easier deployment.
2.4. CONCLUSION
These results showed that PVP-coated iron oxide NMs in seawater suspensions
induced no significant mortality to the copepod Amphiascus tenuiremis at 25 mg L-1 over
4 days of exposure. Importantly, only 18 mg L-1 and a 1 hour were required for optimal oil
removal from the aqueous phase. 100% (undiluted) WAF induced significant acute
mortality to copepods, however WAF treated with these NMs, either with or without
subsequent removal of the NMs and associated oil elements, substantially and significantly
attenuated WAF mortality to copepods. Further, NM addition with oil increased the growth
of oil-degrading bacteria. Taken together, these data suggest, that at least at the laboratory
scale, this method may be an effective in-situ treatment to remediate oil spill ecotoxicity,
with the added benefit of enhanced stimulation of natural oil degrading bacteria. Further
testing and development of this technology at the mesocosm and field scale would provide
validation of usefulness for hazard abatement.
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Figure 2.1. Fluorescence spectra of the WAF sample before and after NM addition (18 mg
L-1) and oil removal after 1 hour using magnetic separation.
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Figure 2.2. Mortality of copepods when exposed to different concentrations of PVP-coated
iron oxide NMs. No significant toxicity was observed at concentrations up to 25 mg L-1.
The error bars represent one standard deviation (n=3). * (p < 0.05).
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Figure 2.3. Copepod mortality when exposed to different WAF dilutions. The control was
synthetic seawater 30 ppt. The error bars represent one standard deviation (n=3). * (p <
0.05).
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Figure 2.4. Copepod mortality when exposed to 18 mg L-1 of PVP-coated iron oxide NMs
in 100% WAF over time. Two controls were used; control 1 contained 30 ppt seawater
only; control 2 contained 100% WAF in seawater. The four treatments labelled 0, 24, 48
and 72 hours correspond to additions of NMs to WAF and copepods in synthetic seawater
at these time points. The *1h label relates to NM-facilitated removal of oil after 1 hour.
The error bars represent one standard deviation (n=3). * (p < 0.05).
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Figure 2.5. Copepod survival when exposed to 18 mg L-1 of PVP-coated iron oxide NMs
in 100% WAF over time. Two controls were used; control 1 contained 30 ppt seawater
only; control 2 contained 100% WAF in seawater. The four treatments labelled 0, 24, 48
and 72 hours correspond to additions of NMs at these time points to WAF and copepods
in synthetic seawater with separate addition of fulvic acid and alginic acid. The *1h label
relates to NM-facilitated removal of oil after 1 hour with fulvic acid and with alginic acid.
The error bars represent one standard deviation (n=3). * (p < 0.05).
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Figure 2.6. Growth curve versus time of M. hydrocarbonoclasticus incubated in marine
broth (MB) media alone (control), media plus WAF (MB + WAF), media plus
nanomaterials (MB + NMs) and media, WAF and NMs.
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CHAPTER 3

A NOVEL METHOD FOR THE SYNERGISTIC REMEDIATION OF OIL-WATER
MIXTURES USING NANOPARTICLES AND OIL-DEGRADING BACTERIA

Alabresm A, Chen YP, Decho AW, Lead J. A novel method for the synergistic remediation
of oil-water mixtures using nanoparticles and oil-degrading bacteria. Science of the Total
Environment 2018; 630: 1292-1297.10.1016/j.scitotenv.2018.02.277.
Reprinted here with permission of publisher.
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Abstract: Releases of crude oil and other types of oil from numerous sources can impose
catastrophic physical, chemical, and biological effects on aquatic ecosystems. While
currently-used oil removal techniques possess many advantages, they have inherent
limitations, including low removal efficiencies and waste disposal challenges. The present
study quantified the synergistic interactions of polyvinylpyrrolidone (PVP) coated
magnetite nanoparticles (NP) and oil- degrading bacteria for enhanced oil removal at the
laboratory scale. The results showed that at relatively high oil concentrations (375 mg L1

), NP alone could remove approximately 70% of lower-chain alkanes (C9−C22) and 65%

of higher-chain (C23−C26), after only 1 h, when magnetic separation of NP was used.
Removal efficiency did not increase significantly after that, which was likely due to
saturation of the NP with oil. Microbial bioremediation, using strains of oil-degrading
bacteria, removed almost zero oil immediately but 80-90 % removal after 24-48 hours. The
combination of NPs and oil-degrading bacterial strains worked effectively to remove
essentially 100% of oil within 48 hours or less. This was likely due to the sorption of oil
components to NPs and their subsequent utilization by bacteria as a joint Fe and C source,
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although the mechanisms of removal require further testing. Furthermore, results showed
that the emission of selected volatile organic compounds (VOCs) and semi volatile organic
compounds (SVOCs) were reduced after addition of NPs and bacteria separately. When
combined, VOC and SVOC emissions were reduced by up to 80 %.
3.1. INTRODUCTION
Crude and other types of oil are released from numerous sources including
industrial wastes, extraction and transportation and can impose catastrophic physical,
chemical, and biological effects on aquatic ecosystems[286, 287]. For instance, in the
Deepwater Horizon oil spill (2010) nearly five million barrels of oil were released into the
surface, subsurface and deep water of the Gulf of Mexico [288]. This maritime disaster
caused severe damage to both coastal and open ocean habitats [289, 290], along with costly
economic damage. Due to the hazardous nature of crude oil spills on the marine
environment, a rapid response is required to minimize the resulting environmental impact.
Currently used oil removal techniques, in addition to their advantages, have severe
limitations. For example, barriers and sorbents are typically employed as a first response
to oil spills. However, they have low removal efficiency and waste disposal is challenging
[252, 291-293]. Skimmers are useful when oil is concentrated in the surface layer, but they
are limited by waves and currents [294]. In-situ burning is a rapid method used in
conjunction with fire-resistant barriers, but other factors such as weather, oil type and slick
thickness can influence its effectiveness. In addition, burning results in localized
atmospheric pollution [295]. Dispersants act to break oil into small droplets, but potentially
increases the concentration of harmful components in the water column, which can enhance
toxicity to aquatic organisms [254]. Biological approaches are useful, but are directly
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influenced by factors such as availability of appropriate microorganisms, the concentration
of oil and the bioavailability of nutrients [296]. For these reasons, biological removal alone
can be relatively slow.
In general, bioremediation is often based on in-situ stimulation of the natural
indigenous microorganisms (biostimulation) or additions of oil-degrading microorganisms
(bioaugmentation) [297]. In both cases, bioremediation is a relatively slow process, which
may require months for completion [298] and also it is limited by factors mentioned above.
In order to accelerate natural biodegradation, the addition of nutrients is necessary for the
growth of biodegrading-bacteria especially during oil spills [299]. In addition, oil spills
can negatively influence the biodegradation process by increasing the microbial lag phase
[296]. NPs (defined as having at least one dimension in the size range of 1 to 100 nm) have
been widely used for environmental remediation of a wide variety of organic and inorganic
contaminants due to their efficiency and effectiveness [300, 301]. NPs are excellent
adsorbents due to their large specific surface areas, which can greatly improve the
adsorption capacities of sorbent materials [302]. Due to unique properties and relatively
easy synthesis, Iron oxide NPs have attracted a lot of attention for various applications
[303, 304]. Several studies highlighted the potential of iron oxide NPs for oil remediation.
For instance, polyurethane foams functionalized with superparamagnetic iron oxide NPs
have been developed to separate efficiently oil from water [220]. Commercial magnetite
NPs were used with superhydrophopic polyester materials to adsorb oil with high [305].
Iron oxide NPs with cobalt were used in environmentally friendly techniques to remove
crude oil from water [306]. Despite the excellent performance of these nanoscale materials,
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most of them are effective on the surface of oil slicks, generate toxic material and often
expensive.
Building on this recent work, the authors have used polyvinylpyrrolidone (PVP)coated iron oxide NPs have been used effectively to remediate approximately 100% of oil
contaminated waters [264, 265]. A novel hydrothermal flow-through synthesis technique
has been developed successfully to scale up production of PVP-coated iron oxide NPs
[307]. Moreover, our previous work has shown near complete amelioration of oil toxicity
to harpacticoid copepods using these NPs, while at the same time stimulating the growth
of oil-degrading bacteria [308]. Those initial data suggest that, if these NPs are added
rapidly to oil spills, they might be the basis of a viable in-situ oil remediation method. The
data presented in this paper take this method further forward and directly test oil removal
using nanotechnology and microbial remediation.
Some studies have previously investigated nanotechnologies or bacteria in
bioremediation [309, 310]. However, no study, to our knowledge our knowledge, has
synergistically used nanotechnology and microbial bioremediation to degrade oil spills in
simulate marine environments Therefore, this study aimed to develop a novel method could
be utilized in application of nanoparticles and natural oil-degrading bacteria for oil
remediation in marine and non-marine systems. In the present study, we further quantify
the synergistic interactions of polyvinylpyrrolidone (PVP) coated magnetite NPs and oildegrading bacteria for enhanced oil removal at the laboratory scale.
3.2. MATERIALS AND METHODS
A facile and low cost method of hydrothermal synthesis in ambient air was used to
produce PVP-coated iron oxide NPs [308]. In summary, ultrahigh pure water (UHP; 18.2
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MΩ cm −1), 6.25 mL, was used to dissolve PVP (Mw 10 kDa, 1.8 g, Sigma-Aldrich) at 80
± 5 °C. Then, both Fe Cl2.4H2O (0.198 g of 98%, Alfa Aesar) and Fe Cl3.6H2O (1.081 g
of > 98%, BDH) were added together to the solution and stirred at 80 ± 5 °C for an
additional 10 minutes. In the next step, 1.2 g PVP was added into the mixture and stirred
at 80 ± 5 °C for 10 minutes. Finally, 6.25 mL ammonium hydroxide (28-30%, BDH) was
added dropwise into the solution at 80 ± 5 °C under stirring and the color immediately
turned from yellow to black. The suspension was subsequently stirred for 25 minutes at 90
± 5 °C. Suspensions were separated magnetically, and washed with UHP water. The
suspension was re-dispersed in UHP water using sonication. The NP solution was kept at
4°C for further use.
The characteristics of PVP-coated iron oxide NPs have been measured in a
previous study [265], and are summarized as follows: Atomic force microscopy (AFM)
and dynamic light scattering (DLS) were used to determine the morphological features and
diameters of the NPs respectively. Based on AFM results, the median particle size was
11.2 nm (interquartile range: 6.3−18.3 nm). On the basis of DLS, the hydrodynamic
diameter was 127.4 ± 4.2 nm. The average zeta potential was 11.2 ± 0.6 mV. After removal
of residual dissolved Fe, the total iron concentration was 18 mg L-1 as measured by
inductively coupled plasma-optical emission spectrometer (ICP-OES; Varian 710-ES).
Crude oil, representative of BP Deepwater Horizon spill (reference MC252
surrogate oil; sample ID: A0068H, Aecom Environment) was used to prepare the oil-water
mixtures. The crude oil was mixed well with filtered seawater (30 ppt) in 250-mL
Erlenmeyer flask via sonication (Branson 2800, 40 kHz, ambient conditions) for one hour
to prepare the oil sample for the oil removal/degradation experiments. The oil
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concentration in all experiments was 375 ± 10 mg L-1, similar to literature values [311].
These concentration values are substantially higher than the concentrations used with NPs
alone [264, 265, 307, 312, 313].
Bacterial strains used in experiments included: (1) Halomonas sp isolated from oil
contaminated soil obtained from Fort Jackson (Columbia, SC, USA 33° 59N 80° 1"W).
The strain was identified by 16S rRNA gene sequencing and analysis and has a
phylogenetic relationship with the species of the genus Halomonas sp. (Figure 1). (2) The
marine bacterium, Vibrio gazogenes (ATCC43942) [314], previously isolated from an
estuarine system (Georgetown, SC, USA 33° 20N 79° 10W), and having a 98.7% 16S
rRNA sequence similarity to the original type strain, Vibrio gazogenes (ATCC 29988)
[315]. Marinobacter hydrocarbonoclasticus SP17 (ATCC 49840) strain was initially
described by Gauthier et al [316]. It was chosen for its ability to degrade oil hydrocarbons
and its common presence in marine environment [317].
To examine the degradation of oil, each strain was grown in 250 ml Erlenmeyer
flasks containing 50 ml of total media, containing 9.3 g L

-1

marine broth 2216 (Difco

Laboratories, Detroit, Mich.), with oil at 375 mg L -1, PVP-coated iron oxide NPs 18 mg L
-1

or both. The media were inoculated simultaneously with 2 ml of cell suspensions of

either Halomonas sp., V. gazogenes or M. hydrocarbonoclasticus SP17 having a density of
1 × 106 cells mL−1 . After this, cultures were incubated at 28 °C for 72 hours while shaking
(Excella E24, New Brunswick Scientific, Edison, NJ) (180 rpm). All experiments were
carried out in triplicate. Residual oil was quantified by GC-MS on an Agilent 6890N gas
chromatography system or an Agilent 5975 mass spectrometer equipped with an auto
sampler (Agilent 7683B) as described in previous study [265]. The analytical GC column

41

was an Agilent TG-5MS (30 m × 0.25mm I.D., 0.25 µm film thickness) coated with 5%
phenylmethylsiloxane stationary phase. High-purity helium (99.9%) at a constant flow rate
of 1.5 mL min-1 was used as the carrier gas. 1µl of extracted sample was injected; with the
injection port maintained at 250 °C in the splitless mode. Spectra were obtained in the
electron impact mode (70 eV) scanning from 40 m/z to 400 m/z. The oven temperature was
operated from 40 °C to 300 °C rising at 10 °C min-1. Saturated hydrocarbons were
monitored in the oil samples before and after the bacterial growth and before and after NPs
separation.
To analyze emission of VOCs and SVOCs during biodegradation, bacteria were
incubated at 28 °C for 48 hours while shaking (180 rpm). All experiments were carried out
in triplicate. VOCs were analyzed by GC-MS PerkinElmer (Clars 680), by using a DB - 5
MS column (30 m, i.d. 0.25 mm, film thickness 25 μm) for vapour phase separation, with
He flux at 13.8 kPa, temperature gradient 40 °C, 5 min, 150 °C (6 °C min−1), 2 min, 250
°C (10 °C min−1), 2 min, 350 °C, (60 °C min−1), injector temperature 250 °C, and splitless
injection. The MS ion source and interface temperatures were set at 250 °C; the detector
voltage was set at 0.8 kV and m/z was 40–250.
A two-way ANOVA was used to determine the effects of experimental treatments
and time, on concentrations of soluble oil. The first factor was three oil-treatment effects
and control were compared as follow: NPs-only group, bacteria-only group and NP +
Bacteria group, and a non-treated as control. The second factor was effect of incubation
time and consisted of: 0-hr (control), 1-hr, 24-hr, and 48-hr incubations. All analyses were
performed using Prism (version 7.00 for Windows, GraphPad Software, La Jolla California
USA).
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3.3. RESULT AND DISCUSSION
Oil removal was first tested using PVP-coated iron oxide NPs only. The results
indicated that approximately 70% of lower chain alkanes (C9−C22) and 65% of higher
chain (C23−C26) were removed after one hour of magnetic separation (Figure 1a). The
mechanism suggested for oil removal by NPs was investigated in previous studies [264,
265, 313]. and the current hypothesis is sorption on or within the PVP, driven by the
hydrophobic effect. Ongoing research is studying the mechanism of oil removal. Oil
concentrations (375 mg L-1) were higher than those in previous work (150 mg L-1) [265].
The higher concentration was efficiently removed (approx. 67%), but with a lower
efficiency than at the lower oil concentrations (approx. 100%) and the same NP
concentrations, as might be expected. Nevertheless, oil removal efficiency was still very
good, given the low NP concentrations. No time dependent increases in oil removal was
observed, suggesting the NPs were saturated with oil within 1 hour.
Experiments were then conducted to determine whether oil could be degraded
separately by three different species of bacteria. For Halomonas sp., results from GC-MS
showed that oil removal was negligible after just one hour incubation, due to the low
number of bacterial cells present. Subsequently, however, 30% of the added oil was
degraded during the first 24 h, followed by 85% removal after 48 h, and oil completely
removed after 72 h (Figure 1b and table 1) as bacterial numbers increased. No measurable
degradation of oil was detected in the controls (without bacteria) after 72 hours incubation.
This suggests that oil is fully degradable by bacteria but that the addition of nanoparticles
increases the rate of degradation substantially. Previously reports have indicated that some
species of Halomonas have oil-degrading capabilities [318, 319]. Our present result reveals

43

that Halomonas sp. possesses a strong crude oil-degrading ability that requires
approximately 48 hours. V. gazogenes and M. hydrocarbonoclasticus also demonstrated
excellent oil degradation capacities, but only after 48 hours incubation (Figures S1 and S2).
Data showed that 85% and 75% of alkane compounds were completely removed from
samples by V. gazogenes and M. hydrocarbonoclasticus of 48 hours compare to controls.
The percent removal of n-alkanes (C9-C26) was enhanced significantly when NPs
and oil-degrading bacteria were added together. In the case of Halomonas sp. with the NPs,
the GC-MS results indicated an oil removal approaching 65-75 % just after one hour (Table
1 and Figure 1 C). This removal was likely due to the effectiveness of the NPs in absorbing
oil as indicated above. However, removal percentages significantly increased (p > 0.05)
and reached 100% after only 24 h with both NPs and bacteria present compared to the
original oil-water mixture (control). Taken together, this suggests that the NPs coupled
with bacteria strongly improved oil removal, both in terms of kinetics and the total amount
of oil removed. This synergetic increase oil removal rate significantly and substantially,
rather than opening degradation of previously untreated oil fractions.
The exact mechanisms are not fully elucidated, although our previous work has
shown increased growth of bacteria in the presence of oil and NPs. These bacteria may
utilize oil as a carbon and energy source. Further the iron in the PVP-coated iron oxide NPs
are also essential and limiting microbial nutrients, and may provide a source of iron [320].
Additionally, PVP-coated iron oxide NPs may contribute a vital role to oil-degrading
bacteria by collecting hydrocarbons from the surrounding water and bringing into direct
contact with bacteria in a form which is more easily used. Generally, oil-degrading bacteria
need a physical contact with hydrocarbons to the initiate biodegradation. [321]. NPs may
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play those roles by making oil in direct contact with bacteria and deliver it as a more-easily
accessible carbon source. Additional research is needed to determine the mechanism of oil
removal. Furthermore, selected VOCs and SVOCs were detected from the oil (Table 2).
The results indicated that the emission of the selected VOCs and SVOCs over time and in
the absence of the NPs and bacteria increased significantly (p < 0.05) at the percent
approximately 60 overtimes. The addition of the NPs and bacteria separately decreased the
emission of the selected VOCs and SVOCs significantly (p < 0.05) except of hexane. In
the case of hexane, the levels were similar to those at time zero (in the control there was a
20% increase). The addition of NPs and oil-degrading bacteria together decreased the
emission of the selected VOCs and SVOCs significantly (p < 0.05) after 48 hours and by
a much greater amount than either alone. This reduction is consistent with the changes
observed on the aqueous phase oil components. Most likely, the same mechanism was
operative i.e., sorption by NPs and more rapid degradation by the bacteria.
Interestingly, previous work has shown that these type engineered of NPs are not
toxic to aquatic organisms and in fact remove associated acute oil toxicity [308], whereas
other oil treatments such as dispersants can have severe impacts on the growth of oildegrading bacteria and other marine life, both directly and through making the oil more
toxic. For instance, during Deepwater Horizon oil spill, more than 990 000 gallons of
dispersant were used [322] and this increased the toxicity of the oil to the marine
ecosystem, causing severe damage to many different ecological habitats [323].
Other potential limitations exist such as available nitrogen and phosphorous [324].
These NPs may adsorb and accumulate nitrate and phosphorus in addition to oil and make
the NP complex enhanced in essential nutrients for bacteria. Thus, PVP-coated iron oxide
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NPs not only may act as environmentally friendly oil collector, but also as nutrients rich
fertilizer for oil-degrading bacteria.
In the case of V. gazogenes and M. hydrocarbonoclasticus, the results indicated that
these strains, in the presence of PVP- coated iron oxide NPs have excellent capability and
capacity to remove oil from water (Table 1, Figures 2 and 3). Although further testing at
the mesocosm and field scales is required, the immediate application of PVP-coated iron
oxide NPs and bacteria to oil spills could enhance in-situ oil degradation (and reduce oil
toxicity).
3.4. CONCLUSION
The results indicated that NPs alone could remove approximately 70% of lowerchain alkanes (C9−C22) and 65% of higher-chain (C23−C26), at relatively high oil
concentrations after only 1 hour of incubation. Removal efficiency did not increase
significantly after that time, which was likely due to saturation of the NP with oil. Microbial
bioremediation, using strains of oil-degrading bacteria, removed almost zero oil
immediately, but there was 80-90 % removal after 24-48 hours. Taken together, the
combination of NPs and oil-degrading bacterial strains worked significantly more
efficiently to remove oil within a shorter time frame. This was likely due to the binding of
oil components to NPs and their following utilization by bacteria as a joint Fe and C source.
Although the combined method is highly effective at the laboratory scale, a major
challenge in is its scalability and effectiveness at larger and more complex scales such as
in mesocosms or in the field. The emission of selected VOCs and SVOCs decreased
significantly when NPs and/or oil-degrading bacteria were used separately or together.
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Table 3.1. Percentage of n-alkane removal/degradation by PVP-coated iron oxide NPs,
Halamonas sp., V. gazogenes, M. hydrocarbonoclasticus and both after 1, 24 and 48 hours
of incubation at 28 ± 1°C with shaking (180 rpm), X and SD represent mean and standard
deviation.
Oil removal (%)
1 hour

24 hours

48 hours

X

SD

X

SD

X

SD

NPs

65

5

65

6

65

8

Halamonas sp.

0

0

35

8

88

9

V. gazogenes

0

0

32

8

85

9

M. hydrocarbonoclasticus

0

0

29

10

75

11

NPs +Halomonas sp.

65

5

100

0

100

0

65

5

100

0

100

0

65

5

95

5

100

0

NPs + V. gazogenes

NPs + M.
hydrocarbonoclasticus
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Table 3.2. GC-MS results of VOCs/SVOCs removal by PVP-coated iron oxide NPs,
Bacteria (Halamonas sp) and both after 1 hour and 48 hours. * (p < 0.05).
VOCs removal Percentage %
(1 hour)
VOCs

Hexane
Chlorohexane
Heptane
Cyclohexane
methyl
Heptane
methyl
Octane
Nonane

Oil
+
NPs

Oil +
Bacteria

Oil +
Bacteria
+ NPs

100
100
100

100
100
100

100
100
100

100

100

100
100
100

Oil
(Control)

VOCs removal Percentage %
(48 hours)
(Control)

Oil +
NPs

Oil +
Bacteria

Oil +
Bacteria
+ NPs

100
100
100

120*
100
125*

100
95
95

100
65*
80*

90
55*
70*

100

100

130*

70*

70*

50*

100

100

100

170*

80*

80*

40*

100
100

100
100

100
100

155*
140*

70*
40*

60*
55*

30*
20*

48

Oil

Figure 3.1. Phylogenetic tree based on 16S rRNA gene sequences for bacterial strain
(C170317422-OB) isolated from soil contaminated with oil.
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Figure 3.2. GC-MS results of n-alkane removal/degradation by a) PVP-coated iron oxide
NPs after I h. b) by Halamonas sp. after 1, 24, 48 and 72 h. c) by both after 1, 24 and 48 h.
Error bars represent one standard deviation (n=3). * (p < 0.05).
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Figure 3.3. GC - MS results of n-alkane removal/degradation by a) PVP-coated iron oxide
NPs after 1 h. b) by V. gazogenes after 1, 24 and 48 h. c) by both after 1, 24 and 48 h.
Values are means, and error bars represent one standard deviation (n=3). * (p < 0.05).
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Figure 3.4. GC - MS results of n-alkane removal/degradation a) by PVP-coated iron oxide
NPs after 1 h. 2) by M. hydrocarbonoclasticus after 1, 24 and 48 h. 3) by both after 1, 24
and 48 h. Bars are means and error bars represent one standard deviation (n=3). * (p <
0.05).
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CHAPTER 4

A NOVEL METHOD TO ESTIMATE CELLULAR INTERNALIZATION OF
NANOPARTICLES INTO GRAM-NEGATIVE BACTERIA:
NON-LYTIC REMOVAL OF OUTER MEMBRANE AND CELL WALL
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Abstract
The uptake and internalization of nanoparticles (NPs) directly onto and into bacterial cells
is a newly-emerging area of interest due to their inherent toxicity and wide exposure.
However, determination of cellular internalization is challenging because of the difficulty
of separating aqueous phase and cellularly associated NPs and, more importantly, of
differentiating between internalized and surface sorbed material. In this work, we
developed and validated an extraction method which can operationally estimate
internalization of metal NPs into Gram-negative bacteria. The outer cell membrane and
cell wall, collectively called the periplasm, was successfully removed from bacterial cells
using ethylenediaminetetraacetic acid (EDTA) at an optimized exposure period and
concentration, without lysis of cells. This was followed by standard digestion and metal
measurements. Verification of each step of the methodology was conducted by assessing
both cellular and metal behavior using several approaches. Specifically, live/dead staining
of cells and optical density measurements, transmission electron microscopy (TEM) and
metal analysis of the supernatant indicated that the method operationally separated
externally-localized NPs from those internalized within the bacterium.
4.1. INTRODUCTION
The unique physicochemical properties of nanoparticles (NPs; particles having at
least one dimension in the size range of 1 to 100 nm [211]), offer potential for numerous
applications in many sectors [325-327]. Indirect discharge, from a variety of waste streams,
or direct discharge to the environment, (e.g., remediation of contaminants using NPs,
commonly called nanoremediation [327]), results in releases to the environment.
Additionally, NPs released into the environment may directly interact with biological
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materials and may have adverse consequences for human and environment health [328,
329]. Due to lack of information regarding the internalization and measurement of
manufactured NPs into biological systems, estimation and quantification of internalized
NPs recently drawn increasing attention.
Cellular uptake is one of the most important biological processes regulating access
of materials including NPs through cell walls/membranes [211, 330-332]. Studies on
biouptake are critically important to address the biological and environmental effects of
NPs exposure. Although numerous studies have been conducted to address the interaction
between NPs and biological materials, in particular, eukaryotic cells [333-335], few have
focused on measurement of internalized NPs. Some studies have demonstrated the transfer
of NPs from solution to biomass, but methods that estimate intracellular NPs remain
limited [336] . Relatively fewer studies, however, have examined measuring internalized
NPs in prokaryotic cells. [337-340].
Currently, several methods are used to demonstrate the presence of NPs in cells
[341-343]. The most frequently used are confocal laser scanning microscopy (CLSM) and
electron microscopy (EM) ; transmission (TEM) and scanning (SEM). However, there are
challenges associated with these methods. For example, CLSM has been used for
demonstrating internalized NPs, but it is not powerful enough for distinguishing the
location of the NPs at the nano-level [344]. TEM was used to demonstrate the presence of
NPs in cells [345, 346]. Although TEM is capable to provide a resolution in the nanometer
range, it is necessary to associate with other techniques to analyze the composition of NPs
[211, 345].
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The main key in NPs uptake is the quantitative measurement of intercellular NP
uptake. Several factors might influence internalization of NPs into cells such as
attraction/repulsion between NPs with the outer membranes/cell walls [330, 347] and cell
membrane and wall damage resulting from NP contact [348]. Transport NPs through
undamaged membrane is affected by NPs’ size, shape and chemical composition [349].
Furthermore, physicochemical properties of NPs such as shape, size, chemical composition
and surface functional group have a direct influence on NP cellular uptake [336]. Given
these facts, there is no specific recommend technique that could be used for quantification
of different NPs types which exist nowadays TEM has been used to quantify NP uptake
into cells but rarely because it is costly, time consuming and requires optimum sample
preparation [350]. Flow cytometric analysis is generally used to quantify NPs uptake either
by labeling NPs with fluorochromes [351] or by using fluorescent NPs [352]. However, a
major limitation of this method is the ability to differentiate between intracellular and cell
surface localized NPs. But, surprisingly, this has received little attention [347]. In order to
understand the potential NP intercellular fate, quantification of NPs uptake is a crucial
parameter for objectivity measurements.
Previously, we have shown excellent oil removal from environmental samples
[222, 223, 353, 354] using a combination of NPs and oil-degrading bacteria over a short
time frame [308, 355]. In these studies, bacterial growth was enhanced significantly in the
presence of oil and NPs. This was likely due to the direct contact and agglomeration of the
oil-NPs complexes to bacterial cells followed by facile utilization of combined C and Fe
sources. However, the mechanism of this interaction is currently unknown. In this study,
we developed a novel method to quantify internalized NPs, and specifically to differentiate
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between internalized and surface attached-NPs using ethylenediaminetetraacetic acid
(EDTA). The method was developed in response to this specific nanotechnology, but likely
has wider applications for quantifying NP and metal internalization processes in Gram
negative bacteria.
EDTA is a chelating agent that exhibits high affinity for divalent metal cations.
Several studies have reported that EDTA, when used as chelator agent, has disruptive
effects on the outer membranes of Gram negative-bacteria [356-358]. Gram-negative
bacteria possess an outer membrane, composed of lipopolysaccharide (LPS) that is
underlain by a cell wall. The outer membrane and cell wall are stabilized by divalent
cations (Mg2+ and Ca2+). Exposure to EDTA, and its subsequent binding of cations
reduces the structural stability between adjacent LPS molecules and leads to the rapid loss
of the LPS layer in outer membrane. Our methodological approach was to evaluate the role
of EDTA on removal of the outer membrane and cell wall layers and the NPs that were
bound to the outer surfaces of the cell. This would provide a more resolute measurement
of metal NPs contained within the bacterial cytoplasm.
4.2. MATERIALS AND METHODS
Nanoparticle Synthesis PVP- coated iron oxide NPs were synthesized using a
facile and low-cost method of the hydrothermal synthesis in ambient air conditions. The
synthesis methods has been published previously [308, 353] and [223] with modification.
Briefly, PVP (Mw 10 kDa, 1.8 g, Sigma-Aldrich) was dissolved in 6.25 mL of ultrahigh
purity water (UHP; 18.2 MΩ cm

−1

) by stirring at 80 ± 5 °C for 10 minutes. Then, both

FeCl2.4H2O (0.198 g,98%, Alfa Aesar) and FeCl3.6H2O (1.081 g, > 98%, BDH) were
added together to the solution and stirred at 80 ± 5 °C for an additional 10 minutes. Then,
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1.2 g PVP was added into the solution and stirred at 80 ± 5 °C for 10 minutes. Finally, 6.25
mL ammonium hydroxide (28-30%, BDH) was added dropwise into the solution at 80 ± 5
°C while being stirred and the color turned immediately from yellow to black. The solution
was stirred for 25 minutes at 90 ± 5 °C. The suspension was separated magnetically and
washed with UHP water. The suspension was re-dispersed in UHP water using sonication.
The final NM solution was kept at 4°C for further use.
Nanoparticle Characterization NP properties have been reported elsewhere
[353]. The total dissolved iron concentration of the stock was measured by inductively
coupled plasma-optical emission spectrometer (ICP-OES; Varian 710-ES). The surface
morphology and characterization of PVP-coated iron oxide NPs was examined using TEM
(Hitachi, HT7800, Japan) and energy dispersive X-ray spectroscopic (EDX) detection for
elemental analysis. TEM samples were prepared by ultracentrifugation of NP suspensions
onto a TEM grid at 40,000 rpm (150,000 × g) using a Beckman ultracentrifuge (L7-65
Ultracentrifuge) with a swinging rotor SW40Ti as described in a previous study [359-361].
The distribution of NPs sizes was determined using ImageJ software. The counting was
performed on 100 to 150 particles. Dynamic light scattering (DLS) and zeta potential
measurement were performed on a Malvern Nanosizer instrument (pH 6−8). DLS
measurements were repeated three times at 25 °C after 2 min equilibrium time to stabilize
the sample temperature. Mean zeta potentials and their respective standard deviations were
determined from 10 replicates of 50−100 runs each.
Bacterial strain: A Halomonas sp. isolate was used in the experiments. The strain
was identified by 16S rRNA gene sequencing and analysis and has a phylogenetic
relationship with the species of the genus Halomonas sp. [355].
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Periplasm Removal Experiments using EDTA (ethylenediaminetetraacetic
acid, (C10H16N2O8) CAS No. 60-00-4; Mol. Mass= 292.24 g . Mol-1): Bacteria were
cultivated on marine broth 2216 (Difco Laboratories, Detroit, Mich.). The cells were
cultured to late log phase at a cell concentration optical density of 0.7±0.05, at OD600 nm,
then, harvested by centrifugation at room temperature for 5 min at 10000 rpm, and
resuspended in the same volume of PBS buffer. Aliquots (90 μL) of this cell suspension
were pipetted onto 96 well plate. Different concentrations of EDTA (5, 10, 20, 30, 40, 50,
75, and 100 mM final concentration) or buffer (control) were added to wells to make up a
total volume of 200 μl. Each experiment was performed at least three times. OD600 nm
was used to determine bacterial suspension turbidity.
Effects of 30 mM EDTA on the Outer Bacterial Membrane Bacteria,
Halomonas sp., were cultivated and harvested by centrifugation for 5 min at 10000 g, then
resuspended into an equivalent volume of PBS buffer. Cultures were placed in 250 mL
Erlenmeyer flasks containing 50 mL of total solution, containing 30 mM EDTA. Following
this, cultures were incubated at 30 °C for 3 h while shaking (Excella E24, New Brunswick
Scientific, Edison, NJ) (180 rpm). All experiments were carried out in triplicate. OD600 nm
was used to determine bacterial suspension turbidity.
Determinations of Cell-Viability Post-Periplasmic Removal The LIVE/DEAD
BacLight (L7012) viability stain, was prepared according to the manufacturer’s
instructions (Molecular Probes, Inc, USA. The bacterial solution was centrifuged at 10000
× g for 5 minutes. The supernatant was removed, and the pellet resuspended in 2 mL of
0.85% NaCl. For staining, equal volumes of SYTO 9 and propidium iodide were combined
in a microfuge tube and mixed thoroughly. Then 3 μL of the dye mixture was added to 1
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mL aliquots of bacterial suspension, mixed thoroughly, then incubated at room temperature
in darkness for 15 minutes. Aliquots (5 μL) of the stained bacterial suspension were placed
on slides and with coverslips, then observed using confocal laser scanning microscopy
(CLSM). This Kit is based on a combination of two probes; SYTO9 is a membranepermeant nucleic acid stain (green fluorescence at 530 nm upon excitation at 488 nm).
Whereas propidium iodide (PI, red fluorescence at 620 nm upon excitation at 488 nm)
enters only the cells whose membranes have been injured. Since PI has a higher affinity
for DNA than SYTO9 it is able to displace SYTO9 from the DNA. Thus, viable cells will
be observed as green and dead cells as red (damaged cells can sometimes be seen as
orange).
Internalization of NPs into bacterial cells TEM was used to observe
internalization of PVP-coated iron oxide NPs into bacterial cells. Thin sections were
prepared by conventional embedding method [362] with modification. In summary,
bacteria were concentrated by centrifugation, resuspended in PBS and then were fixed
2.5% glutaraldehyde (Sigma–Aldrich). The samples were then post-fixed in 1% OsO4
(osmium tetroxide) and 1.5% potassium ferricyanide in PBS for 1 h at room temperature,
then rinsed in (DI) water, and dehydrated through a graded ethanol series up to 100%.
Samples were impregnated with increasing concentrations of PolyBed 812 up to pure resin,
using acetonitrile as an intermediate solvent, then embedded and cured at 60 °C for two
days. The embedded samples were cut on an ultramicrotome (Leica Ultracut R) to 100 nm
thickness and placed on copper grids stained with saturated uranyl acetate for 5–10 min.
The contrasted sections were observed through a JEOL200CX TEM (Tokyo, Japan)
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operated at 120 kV. Images were captured using Axiovision, Software Engine Version
5.42.479 by AMT (Advanced Microscopy Techniques, Danvers, MA).
Method to measure cellular uptake of NPs into Gram-negative bacteria Here,
we developed a novel and simple approach to estimate actually internalized that NPs that
were taken up into Gram-negative bacterial cells and able to differentiate cytoplasmiclocalized NPs from surface attached-NPs through removal of the bacterial outer membrane
and cell wall. Figure 1 briefly illustrates this approach. In summary, known concentration
of late log phase cultured cells were exposed to 2 mg/L-1 PVP-coated iron oxide NPs for
one h. Because the major portion of the outer membrane of Gram-negative bacteria consists
of LPS, some NPs tend to electrostatically attach to LPS as mentioned earlier while some
NPs might penetrate the cell wall. To remove surface attached-NPs, 30mM EDTA
(bacterial strain dependent) was added to the bacterial suspension for three hours to remove
the outer membrane and the NPs that were bound to LPS. The action of EDTA is suggested
to involve chelation of divalent cations embedded within LPS, which play an important
role in maintaining the structure integrity of the outer membrane. Subsequently, vast
quantities of LPS are released into solution (following centrifugation) including NPs that
were bound to it. Cells were washed twice with PBS to halt the chelating action of EDTA.
The supernatant, which contained non-internalized NPs was then removed.
Finally, Finnigan ELEMENT XR double focusing magnetic sector field inductively
coupled plasma-mass spectrometer (SF-ICP-MS) was used for the analysis with Ir and/or
Rh as internal standards. 0.2 ml/min Micromist U-series nebulizer (GE, Australia), quartz
torch and injector (Thermo Fisher Scientific, USA) were used to quantify proposed
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fractions of internalized NPs and were compared to NP fractions contained in the
supernatant.
4.3. RESULTS AND DISCUSSION
Characteristics of the PVP-coated iron oxide NPs have been measured by a multimethod approach including DLS, TEM and EDX. A mean core size of 13.7 ± 4.4 nm was
indicated by TEM imaging and the size distributions obtained by ImageJ software ( Figure
2).The hydrodynamic diameter was estimated at 98.4 ± 4.2 nm as measured by DLS (Figure
2 d). The mean zeta potential was 11.2 ± 0.6 mV.
Interactions between PVP-coated iron oxide NPs and bacterial cells are shown in
Figure 3. The TEM micrographs indicate that large numbers of NPs are initially sorbed to
the surfaces of bacterial cells and/or taken up by cells when compared to controls cells.
The images showed that NPs were attached nonspecifically to the outer membrane and that
this occurred without any observable cell damage. They also suggest that NPs could be
also seen inside of cells (Figure 3b and 3c). Furthermore, Figure 4 shows TEM
observations of thin sections of the bacteria before and after contact with the NPs. NPslike, electron-dense structures were clearly visible within the confines of individual, intact
bacterial cells. Unfortunately, it was not possible to identify the composition of the black
spots as Fe by energy dispersive X-ray spectrometry (EDX) because of the relatively low
sensitivity of EDX using TEM. However, the absence of such black spots in control
bacterial cells as well as the appropriate size of the observed dark spots and the lack of any
other possible explanation strongly suggest that the observed structure are Fe-NPs.
The Gram-negative bacterial cell envelop, in addition of providing the protection,
is a selective chemical barrier, and plays a vital role in regulation access of materials
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including NPs into bacterial cells [330, 332]. This envelop consists of inner plasma
membrane, a peptidoglycan cell wall and the outer membrane. A major portion of the outer
membrane consists of approximately 75% LPS [363]. NPs can quickly adsorb to bacterial
outer membrane and strongly bind to LPS [330, 364, 365]. The principal driving forces for
NPs sorption are electrostatic interactions such as van der Waals and H-bonds [330]. In
order to reduce the effect of this phenomena, removal of attached NPs associated with LPS
without removal of the inner plasma membrane proteins or leakage of cell contents is
essential to quantify real internalized NPs and differentiate from surface attached NPs.
Successful removal of the outer membrane in Gram negative bacteria using EDTA
has been previously reported [332, 356, 358, 366]. Thus, the effect of EDTA was examined
to determine the optimum EDTA concentration for outer membrane removal without
causing damage to the inner cell cytoplasm enclosed within the plasma membrane. A timekilling curve was performed on Halomonas sp. cells after treatments with EDTA. Figure 5
shows the effect of different EDTA concentrations on bacterial growth over time. Results
showed after three hours or longer the 20 mM concentration and higher have the
bactericidal effect on the strain being studied. The optimum EDTA concentration for
releasing LPS may vary depending on the bacterial strain. However, to our best knowledge,
there have been no studies to date conducted on Halomonas sp. from which to compared
with our findings. For this bacterium, a 30 mM concentration of EDTA for 3 hours was
determined to be optimal for removing the cell envelope and their associated NPs without
killing cells in Halomonas sp. and was used in subsequent experiments.
Cell-viability after 30 mM EDTA treatment was determined via live and dead assay
using confocal microscope as shown in Figure 6. Most of the cells in controls and EDTA
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treatments for up to three hours consistently emitted a green fluorescence, representing
viable cells. The cells exhibited a constant level of viability over time. Whereas, the
increase of red fluorescence, representing dead cells, was significantly noted in the four
hours of EDTA treatment and higher (p > 0.05). The corresponding percentage of dead the
bacteria obtained from CLSM images are depicted in Figure 5D. The results suggested that
EDTA causes the rupture of the outer membrane of the bacteria lysis of the inner cell
(plasma) membrane. This rupture of the outer LPS occurs through interaction with anionic
moietites such as phosphates, releasing LPS into the solution. Since the inner plasma
membrane lacks these same moietites, there is no disruption of the remainder of the cells.
TEM also was used to confirm cell wall changes caused by EDTA. Control cells
exposed only to PBS, showed a regular cell shape with no visible damaged to the inner
membrane and intact cell membranes, Figure 7 a. The cells exposed to 30mM EDTA for 2
hours showed no difference compared to controls, Figure 7 b. Whereas, images collected
after three hours of exposure to EDTA indicated that most of the cells released some outer
membrane, while the inner membranes remained intact, Figure 7 c. However, more
pronounced changes were observed at 4 hours of EDTA exposure Figure 7 d. A large
number of cells (about 80%) had swelling or observable membrane rupture. Vesicle-like
protrusions were seen on the bacterial structure surface due to some of cytoplasmic
materials pumped out. At this point bacterial cells lost their membrane permeability or the
inability to sustain membrane integrity from turgor pressure and lysed. This finding is with
agreement with previous study that revealed that EDTA- treated bacteria produces many
irregularly shaped pits on the outer membrane [367]. At 5 hours of EDTA exposure, most
of cells were completely lysed (Figure 7 e).
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Understanding the

bio-nano interactions requires an understanding the

mechanisms of interaction as well as quantification of the NPs as a basis for objectivity.
The main challenge in the estimation of the internalized NPs is the difficulty in separating
measurements of NPs between the internalized fraction and those of NPs bound to the outer
membrane. As illustrated in Figure 1, most of the NPs that pound to the bacterial outer
layer and the free NPs released to the supernatant and separated from those internalized
into cells which are located in the pellet. The Fe ions were measured in the pellet represent
internalized NPs, whereas those were in the supernatant represent free NPs.
This method was successfully applied to quantify the cellular uptake of PVP-coated
iron oxide NPs. Bacterial cells at early stage of lag phase were exposed to the NPs. At the
end of the exposure time, cells were harvested, washed and analyzed. Our results showed
that the concentration of Fe ions in the pellet, LPS-depleted cells, increased steadily over
time ( figure 8). Whereas, the Fe concentrations decreased in the supernatant (data not
shown). This indicates that NPs were taken up into bacterial cell. In terms of the percentage
of NPs internalized after one hour exposure with respect to number of NPs added, this was
near 15-20%. The increasing of Fe concentration in the pellet was noticed just after 20
minutes of exposure, indicating a very fast internalization process. This method is of
general validity and can be easily applied to other NP systems, and could be promising to
separate and quantify actual internalized NPs into bacterial cell samples.
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Figure 4.1. Schematic diagram illustrates the action of EDTA on Gram-negative bacteria
outer membrane removal and release of most of the sorbed NPs.
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a

c

d

b

Figure 4.2. TEM images of PVP-coated iron oxide NPs. a) showing clusters of NPs. The
mean core size of the NPs is 13.7 ± 4.4 nm obtained by ImageJ. b) showing an individual
nanoparticle, with a core of iron oxide coated with PVP. c) TEM-EDX spectra of PVPcoated iron oxide NPs. d) Size distribution intensity graph of PVP- coated iron oxide NPs
as determined by DLS.
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Figure 4.3. TEM micrographs revealing attachment of nanoparticles to the surface and
within the periplasm of Halomonas sp. a) bacterial cell without NPs ( control). b and c)
bacterial cell exposed to NPs.

69

a

b

c

d

Figure 4.4. The cross-sectional and longitudinal sectional TEM micrographs showing
interactions of bacteria (Halomonas sp.) and PVP-coated iron oxide NPs. a) longitudinal
section without NPs ( control). b) longitudinal section with NPs. c) cell cross section
without NPs ( control). d) cross section with NPs.
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Figure 4.5. Time-survival curves of Halomonas sp. cells in the presence of EDTA . The
graph highlights the effects of different concentrations of EDTA on the bacterial survival
and growth.
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c

Figure 4.6. Confocal laser scanning microscopy (CLSM) images illustrating effects of
EDTA (30 mM) on cell viability versus time. Cells were stained with BacLight
LIVE/DEAD®. a) Control. b) After 3 h incubation. c) After 4 h incubation. Live and dead
cells observed as green and red color, respectively. Note that live cells were not abundant
after 3 h of incubation in EDTA. d) Percentage of dead bacteria in control and EDTA
treated bacteria versus time.
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Figure 4.7. TEM images illustrating the effects of EDTA (30 mM) on bacteria (Halomonas
sp.) over time. a-e represent images for control, 2h , 3h, 4 h and 5 h respectively. Note 7d:
the outer membrane is bubbling outwards shortly before, total collapse of cell (7e).
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Figure 4.8. Kinetics of cellular uptake of NPs into bacterial cells. The mean mass of
internalized Fe increases almost linearly.
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CHAPTER 5
CONCLUSION
Crude and other types of oil spills can be released into environments from different
sources such as natural seeps or technical problems associated with the oil industry. Oil
spills cause catastrophic damage to both marine and freshwater environments. New
technologies have been developed, including nanotechnology, to remove and remediate oil
from the environment. Iron oxide NPs have drawn attention in the field of environmental
remediation due to their inherent low toxicity, superparamagnetism and easy separation
from fluids. Previously, a relatively inexpensive and facile method was developed to
synthesize PVP-coated magnetite NPs and was used to successfully separate a reference
MC252 oil contaminated water.
In this study, we evaluated the toxicity of these NPs, crude oil WAF, and their
mixtures using an acute toxicity assay based on the estuarine copepod Amphiascus
tenuiremis. The results showed there were no significant mortality (p-value = 0.78) of PVPcoated iron oxide NPs in seawater suspensions to the copepod up to 25 mg L−1 over 4 days
of exposure. Importantly, optimal oil removal by these NPs was accomplished by only 18
mg L−1 and required 1 hour incubation. Although significant mortality (p-value < 0.05) was
observed at concentrations of 40 and 100 mg L−1, mortalities never reached 50%, thus an
LC50 was not calculated. No significant toxicity was observed at any concentration with
incubations of less than 4 days. Controls containing 100% (undiluted) WAF were significa-

75

antly toxic (p-value <0.05) to copepods. However, undiluted WAF exposed to these NPs,
either with or without immediate removal of the NPs, the toxicities of WAF to copepods
was ameliorated significantly (p-value < 0.05). To mimic natural organics present in
marine environments conditions, fulvic acid and alginic acid were separately added at
relevant concentrations for the marine environment to the synthetic seawater and similar
experiments were performed. A significant toxicity reduction (p-value < 0.05) was
observed after NPs addition at 48 and 72 hours. Furthermore, NPs addition in the presence
of oil increased the growth of oil-degrading bacteria. These results suggest an effective in
situ technique to ameliorate oil spill toxicity, in addition of enhancement of microbial
degradation. Further testing at the mesocosm and field scale would provide validation of
usefulness of this novel method.
Subsequently, we developed a novel method that could be utilized for oil
remediation in aquatic systems using nanotechnology and natural oil-degrading bacteria.
In this study, we quantified the synergistic interactions of PVP-coated iron oxide NPs and
oil-degrading bacteria for enhanced oil removal at the laboratory scale. The results showed
that NPs alone could remove 70% of lower-chain alkanes (C9–C22) and 65% of higherchain (C23–C26), at relatively high oil concentrations after only 1 h of incubations. Oildegrading bacteria alone removed negligible oil initially, but there was 80–90% removal
after 24–48 h. However, the combination of NPs and oil-degrading bacterial strains
removed significantly more oil within a short time period. These significant removal
efficiencies were likely due to utilization of NPs that bind with oil components by bacteria.
Moreover, the emission of selected VOCs and SVOCs decreased significantly when NPs
and/ or oil-degrading bacteria were used separately or together. This combined synergistic
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approach accomplished high efficiencies of oil removal at the laboratory scale; however, a
major challenge resides in determining effectiveness at larger and more complex scales
such as mesocosms or in the field.
Bacterial growth was significantly enhanced in the presence of oil and NPs. The
mechanism of this enhancement is currently unknown, but it is likely due to the direct
interactions between NPs and bacteria and possibly the direct uptake of NPs (and their
associated oil) by bacterial cells. In portion of this study, we developed and validated a
novel method to quantify internalized NPs, while specifically to differentiating between
internalized and surface attached-NPs using EDTA. NPs can quickly adsorb to bacterial
surfaces and strongly bind to LPS, which formed approximately 75% of outer membrane.
Outer cell membranes and cell walls were successfully removed from bacterial cells using
EDTA, without lysis of cells. This occurs because EDTA is a strong chelating agent that
exhibits high affinity for divalent metal cations (Mg2+ and Ca2+) that are contained with the
outer membrane and cell wall. This was followed by standard digestion and Fe-metal
measurements by SF-ICP-MS. Verification of each step of the methodology was conducted
by assessing both cellular and metal behavior using a number of approaches. Specifically,
live/dead staining of cells and optical density measurements and TEM were used to assess
lysis of cells during these procedures. Although, this method was developed in response to
this specific nanotechnology, it offers wider applications for quantifying NP and metal
internalization processes in Gram-negative bacteria.
In this dissertation, we showed near complete amelioration of oil toxicity to
harpacticoid copepods using PVP-coated magnetic iron oxide NPs, while at the same time
stimulating the growth of oil-degrading bacteria. We also developed a novel method for oil
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spill remediation in aquatic systems using the combination of PVP-coated magnetic iron
oxide NPs and natural oil-degrading bacteria under environmentally relevant conditions.
This combined method was demonstrated as a reliable technique for oil spill remediation
of water under realistic conditions. However, this technique is also applicable where
collections are not easily accomplished such as during harsh weather conditions. Releasing
PVP-coated magnetic NPs in the contaminated environment may facilitate oil
biodegradation. To investigate the interaction between bacteria and NPs, we developed a
novel method to quantify internalized NPs, and to differentiate between internalized and
non-internalized NPs. This novel method has wider applications for quantifying and
measuring internalized NPs in Gram-negative bacteria.

78

REFERENCES
1.

2.
3.

4.
5.
6.

7.

8.

9.

10.

11.

12.

Harzl, V. and M. Pickl, The Future of Offshore Oil Drilling—An Evaluation of the
Economic, Environmental and Political Consequences of the Deepwater Horizon
Incident. Energy & environment, 2012. 23(5): p. 757-770.
Council, N.R., Oil in the sea III: inputs, fates, and effects. 2003: National
Academies Press (US).
Sheppard, P.J.;E.M. Adetutu;T.H. Makadia, and A.S. Ball, Microbial community
and ecotoxicity analysis of bioremediated, weathered hydrocarbon-contaminated
soil. Soil Research, 2011. 49(3): p. 261-269.
Li, P.;Q. Cai;W. Lin;B. Chen, and B. Zhang, Offshore oil spill response practices
and emerging challenges. Marine Pollution Bulletin, 2016. 110(1): p. 6-27.
Bruederle, A. and R. Hodler, Effect of oil spills on infant mortality in Nigeria.
Proceedings of the National Academy of Sciences, 2019. 116(12): p. 5467-5471.
Chen, J. and M.S. Denison, The Deepwater Horizon oil spill: environmental fate
of the oil and the toxicological effects on marine organisms. Horizon (indicated in
red), 2011.
Alloy, M.M.;I. Boube;R.J. Griffitt;J.T. Oris, and A.P. Roberts, Photo‐induced
toxicity of Deepwater Horizon slick oil to blue crab (Callinectes sapidus) larvae.
Environmental toxicology and chemistry, 2015. 34(9): p. 2061-2066.
Incardona, J.P.;L.D. Gardner;T.L. Linbo;T.L. Brown;A.J. Esbaugh;E.M.
Mager;J.D. Stieglitz;B.L. French;J.S. Labenia, and C.A. Laetz, Deepwater
Horizon crude oil impacts the developing hearts of large predatory pelagic fish.
Proceedings of the National Academy of Sciences, 2014. 111(15): p. E1510E1518.
Beyer, J.;H.C. Trannum;T. Bakke;P.V. Hodson, and T.K. Collier, Environmental
effects of the Deepwater Horizon oil spill: A review. Marine Pollution Bulletin,
2016. 110(1): p. 28-51.
Zengel, S.;B.M. Bernik;N. Rutherford;Z. Nixon, and J. Michel, Heavily Oiled Salt
Marsh following the Deepwater Horizon Oil Spill, Ecological Comparisons of
Shoreline Cleanup Treatments and Recovery. PloS one, 2015. 10(7): p. e0132324e0132324.
Fleeger, J.W.;K.R. Carman;M.R. Riggio;I.A. Mendelssohn;Q.X. Lin;A. Hou;D.R.
Deis, and S. Zengel, Recovery of salt marsh benthic microalgae and meiofauna
following the Deepwater Horizon oil spill linked to recovery of Spartina
alterniflora. Marine Ecology Progress Series, 2015. 536: p. 39-54.
Caudle, K.L. and B.R. Maricle, Physiological relationship between oil tolerance
and flooding tolerance in marsh plants. Environmental and Experimental Botany,
2014. 107: p. 7-14.

79

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.
23.

24.

25.

26.

Hazen, T.C.;E.A. Dubinsky;T.Z. DeSantis;G.L. Andersen;Y.M. Piceno;N.
Singh;J.K. Jansson;A. Probst;S.E. Borglin;J.L. Fortney;W.T. Stringfellow;M.
Bill;M.E. Conrad;L.M. Tom;K.L. Chavarria;T.R. Alusi;R. Lamendella;D.C.
Joyner;C. Spier;J. Baelum;M. Auer;M.L. Zemla;R. Chakraborty;E.L.
Sonnenthal;P. D'Haeseleer;H.Y. Holman;S. Osman;Z. Lu;J.D. Van Nostrand;Y.
Deng;J. Zhou, and O.U. Mason, Deep-sea oil plume enriches indigenous oildegrading bacteria. Science, 2010. 330(6001): p. 204-8.
Horel, A.;B. Mortazavi, and P.A. Sobecky, Responses of microbial community
from northern Gulf of Mexico sandy sediments following exposure to Deepwater
Horizon crude oil. Environmental toxicology and chemistry, 2012. 31(5): p. 10041011.
Smith, L.C.;M. Smith, and P. Ashcroft, Analysis of environmental and economic
damages from British Petroleum’s Deepwater Horizon oil spill. Albany Law
Review, 2011. 74(1): p. 563-585.
McCrea‐Strub, A.;K. Kleisner;U.R. Sumaila;W. Swartz;R. Watson;D. Zeller, and
D. Pauly, Potential impact of the Deepwater Horizon oil spill on commercial
fisheries in the Gulf of Mexico. Fisheries, 2011. 36(7): p. 332-336.
Court, C.D.;A.W. Hodges;R.L. Clouser, and S.L. Larkin, Economic impacts of
cancelled recreational trips to Northwest Florida after the Deepwater Horizon oil
spill. Regional Science Policy & Practice, 2017. 9(3): p. 143-164.
Nazifa, T.H.;A.S. Uddin;R. Islam;T. Hadibarata, and A. Aris. Oil Spill
Remediation by Adsorption Using Two Forms of Activated Carbon in Marine
Environment. in 2018 International Conference on Computing, Electronics &
Communications Engineering (iCCECE). 2018. IEEE.
Etkin, D.S. Analysis of oil spill trends in the United States and worldwide. in
International Oil Spill Conference. 2001. American Petroleum Institute.
Fingas, M., The basics of oil spill cleanup. 2012: CRC press.
Tang, D.;J. Sun;L. Zhou;S. Wang;R.P. Singh, and G. Pan, Ecological response of
phytoplankton to the oil spills in the oceans. Geomatics, Natural Hazards and
Risk, 2019. 10(1): p. 853-872.
White, I. and F. C. Molloy 1. Factors that determine the cost of oil spills. in
International oil spill conference. 2003. American Petroleum Institute.
Nelson, J.R.;T.H. Grubesic;L. Sim, and K. Rose, A geospatial evaluation of oil
spill impact potential on coastal tourism in the Gulf of Mexico. Computers,
Environment and Urban Systems, 2018. 68: p. 26-36.
Onyena, A.P. and K. Sam, A review of the threat of oil exploitation to mangrove
ecosystem: Insights from Niger Delta, Nigeria. Global Ecology and Conservation,
2020: p. e00961.
White, H.K.;P.-Y. Hsing;W. Cho;T.M. Shank;E.E. Cordes;A.M. Quattrini;R.K.
Nelson;R. Camilli;A.W. Demopoulos, and C.R. German, Reply to Boehm and
Carragher: Multiple lines of evidence link deep-water coral damage to
Deepwater Horizon oil spill. Proceedings of the National Academy of Sciences,
2012. 109(40): p. E2648-E2648.
Gyo Lee, Y.;X. Garza-Gomez, and R.M. Lee, Ultimate Costs of the Disaster:
Seven Years After the Deepwater Horizon Oil Spill. Journal of Corporate
Accounting & Finance, 2018. 29(1): p. 69-79.

80

27.
28.
29.
30.
31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

Nyman, T., Evaluation of methods to estimate the consequence costs of an oil
spill. SKEMA Seventh Framework Programme, Athens, Greece, 2009.
Chang, S.E.;J. Stone;K. Demes, and M. Piscitelli, Consequences of oil spills: a
review and framework for informing planning. Ecology and Society, 2014. 19(2).
Etkin, D.S., Estimating Cleanup Costs for Oil Spills. International Oil Spill
Conference Proceedings, 1999. 1999(1): p. 35-39.
Alló, M. and M.L. Loureiro, Estimating a meta-damage regression model for
large accidental oil spills. Ecological Economics, 2013. 86: p. 167-175.
Varjani, S.J.;R.R. Joshi;P. Senthil Kumar;V.K. Srivastava;V. Kumar;C. Banerjee,
and R. Praveen Kumar, Polycyclic Aromatic Hydrocarbons from Petroleum Oil
Industry Activities: Effect on Human Health and Their Biodegradation, in Waste
Bioremediation, S.J. Varjani, et al., Editors. 2018, Springer Singapore: Singapore.
p. 185-199.
Fingas, M.F. The evaporation of oil spills. in ARCTIC AND MARINE OILSPILL
PROGRAM TECHNICAL SEMINAR. 1995. MINISTRY OF SUPPLY AND
SERVICES, CANADA.
Myers, A.L., ARCTIC OIL SPILL CLEAN-UP: LIGHT VS. HEAVY OIL. The
Ohio Journal of Science, 2017. 117(1).
Menon, P. and G. Voordouw, Impact of light oil toxicity on sulfide production by
acetate-oxidizing, sulfate-reducing bacteria. International Biodeterioration &
Biodegradation, 2018. 126: p. 208-215.
Daling, P.S. and G. Indrebo. Recent improvements in optimizing use of
dispersants as a cost-effective oil spill countermeasure technique. in SPE Health,
Safety and Environment in Oil and Gas Exploration and Production Conference.
1996. Society of Petroleum Engineers.
Taverner, P.D.;R.V. Gunning;P. Kolesik;P.T. Bailey;A.B. Inceoglu;B. Hammock,
and R.T. Roush, Evidence for direct neural toxicity of a “light” oil on the
peripheral nerves of lightbrown apple moth. Pesticide Biochemistry and
Physiology, 2001. 69(3): p. 153-165.
Omogoriola, H. and S. Ayoola, Acute toxicity of some nigerian crude oils on
black jaw tilapia (Sarotherodon melanotheron) Juveniles. 2018.
Katsumiti, A.;G. Nicolussi;D. Bilbao;A. Prieto;N. Etxebarria, and M.P.
Cajaraville, In vitro toxicity testing in hemocytes of the marine mussel Mytilus
galloprovincialis (L.) to uncover mechanisms of action of the water
accommodated fraction (WAF) of a naphthenic North Sea crude oil without and
with dispersant. Science of the total environment, 2019. 670: p. 1084-1094.
Negri, A.P.;D.L. Brinkman;F. Flores;E.S. Botté;R.J. Jones, and N.S. Webster,
Acute ecotoxicology of natural oil and gas condensate to coral reef larvae.
Scientific reports, 2016. 6: p. 21153.
Aguilera, F.;J. Méndez;E. Pásaro, and B. Laffon, Review on the effects of
exposure to spilled oils on human health. Journal of Applied Toxicology: An
International Journal, 2010. 30(4): p. 291-301.
Almeda, R.;Z. Wambaugh;Z. Wang;C. Hyatt;Z. Liu, and E.J. Buskey,
Interactions between zooplankton and crude oil: toxic effects and
bioaccumulation of polycyclic aromatic hydrocarbons. PloS one, 2013. 8(6).

81

42.
43.

44.

45.

46.

47.

48.

49.
50.
51.

52.

53.

54.

55.

Short, J., Long-Term Effects of Crude Oil on Developing Fish: Lessons from the
Exxon Valdez Oil Spill. Energy Sources, 2003. 25(6): p. 509-517.
Lin, Q. and I.A. Mendelssohn, Impacts and Recovery of the Deepwater Horizon
Oil Spill on Vegetation Structure and Function of Coastal Salt Marshes in the
Northern Gulf of Mexico. Environmental Science & Technology, 2012. 46(7): p.
3737-3743.
Culbertson, J.B.;I. Valiela;M. Pickart;E.E. Peacock, and C.M. Reddy, Long-term
consequences of residual petroleum on salt marsh grass. Journal of Applied
Ecology, 2008. 45(4): p. 1284-1292.
Bertrand, K. and L. Hare, Evaluating Benthic Recovery Decades after a Major Oil
Spill in the Laurentian Great Lakes. Environmental Science & Technology, 2017.
51(17): p. 9561-9568.
Blanken, H.;L.B. Tremblay;S. Gaskin, and A. Slavin, Modelling the long-term
evolution of worst-case Arctic oil spills. Marine Pollution Bulletin, 2017. 116(1):
p. 315-331.
Brussaard, C.P.D.;L. Peperzak;S. Beggah;L.Y. Wick;B. Wuerz;J. Weber;J.
Samuel Arey;B. van der Burg;A. Jonas;J. Huisman, and J.R. van der Meer,
Immediate ecotoxicological effects of short-lived oil spills on marine biota.
Nature Communications, 2016. 7(1): p. 11206.
Gros, J.;D. Nabi;B. Würz;L.Y. Wick;C.P.D. Brussaard;J. Huisman;J.R. van der
Meer;C.M. Reddy, and J.S. Arey, First Day of an Oil Spill on the Open Sea:
Early Mass Transfers of Hydrocarbons to Air and Water. Environmental Science
& Technology, 2014. 48(16): p. 9400-9411.
Seymour, R.J. and R.A. Geyer, Fates and effects of oil spills. Annual review of
energy and the environment, 1992. 17(1): p. 261-283.
Patin, S., Offshore oil and gas production and transportation, in Handbook on
marine environment protection. 2018, Springer. p. 149-164.
Reddy, C.M.;J.S. Arey;J.S. Seewald;S.P. Sylva;K.L. Lemkau;R.K. Nelson;C.A.
Carmichael;C.P. McIntyre;J. Fenwick;G.T. Ventura;B.A.S. Van Mooy, and R.
Camilli, Composition and fate of gas and oil released to the water column during
the <em>Deepwater Horizon</em> oil spill. Proceedings of the National
Academy of Sciences, 2012. 109(50): p. 20229-20234.
Kubach, K.M.;M.C. Scott, and J.S. Bulak, Recovery of a temperate riverine fish
assemblage from a major diesel oil spill. Freshwater Biology, 2011. 56(3): p. 503518.
Jung, S.W.;O.Y. Kwon;C.K. Joo;J.-H. Kang;M. Kim;W.J. Shim, and Y.-O. Kim,
Stronger impact of dispersant plus crude oil on natural plankton assemblages in
short-term marine mesocosms. Journal of Hazardous Materials, 2012. 217-218: p.
338-349.
Han, J.;H.-S. Kim;I.-C. Kim;S. Kim;U.-K. Hwang, and J.-S. Lee, Effects of water
accommodated fractions (WAFs) of crude oil in two congeneric copepods
Tigriopus sp. Ecotoxicology and environmental safety, 2017. 145: p. 511-517.
Milinkovitch, T.;S. Le Floch, and H. Thomas-Guyon, Oil Spill Dispersant Use:
Toxicity on Marine Teleost Fish, in Oil Spill Studies. 2018, Elsevier. p. 71-82.

82

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Luter, H.M.;S. Whalan;N. Andreakis;M.A. Wahab;E.S. Botté;A.P. Negri, and
N.S. Webster, The Effects of Crude Oil and Dispersant on the Larval Sponge
Holobiont. mSystems, 2019. 4(6).
Laurel, B.;L. Copeman;P. Iseri;M. Spencer;G. Hutchinson;T. Nortug;C.
Donald;S. Meier;S. Allan, and D. Boyd, Trace Embryonic Crude Oil Exposure
Leads to Long-Term Bioenergetic Impacts in a Keystone Arctic Marine Forage
Fish. 2019.
Barron, M.G.;S.C. Chiasson, and A.C. Bejarano, Ecotoxicology of Deep Ocean
Spills, in Deep Oil Spills. 2020, Springer. p. 466-479.
Simning, D.;M. Sepulveda;S. De Guise;T. Bosker, and R.J. Griffitt, The combined
effects of salinity, hypoxia, and oil exposure on survival and gene expression in
developing sheepshead minnows, Cyprinodon variegatus. Aquatic Toxicology,
2019. 214: p. 105234.
Peterson, C.H.;S.D. Rice;J.W. Short;D. Esler;J.L. Bodkin;B.E. Ballachey, and
D.B. Irons, Long-term ecosystem response to the Exxon Valdez oil spill. Science,
2003. 302(5653): p. 2082-2086.
Frantzen, M.;I.-B. Falk-Petersen;J. Nahrgang;T.J. Smith;G.H. Olsen;T.A.
Hangstad, and L. Camus, Toxicity of crude oil and pyrene to the embryos of beach
spawning capelin (Mallotus villosus). Aquatic toxicology, 2012. 108: p. 42-52.
Hansen, B.H.;D. Altin;A.J. Olsen, and T. Nordtug, Acute toxicity of naturally and
chemically dispersed oil on the filter-feeding copepod Calanus finmarchicus.
Ecotoxicology and environmental safety, 2012. 86: p. 38-46.
Bembenek Bailey, S.A.;J.N. Niemuth;P.D. McClellan-Green;M.H. Godfrey;C.A.
Harms, and M.K. Stoskopf, 1H-NMR metabolomic study of whole blood from
hatchling loggerhead sea turtles (Caretta caretta) exposed to crude oil and/or
Corexit. Royal Society open science, 2017. 4(11): p. 171433.
Milinkovitch, T.;H. Thomas-Guyon;C. Lefrançois, and N. Imbert, Dispersant use
as a response to oil spills: toxicological effects on fish cardiac performance. Fish
physiology and biochemistry, 2013. 39(2): p. 257-262.
Neff, J.;B. Cox;D. Dixit, and J. Anderson, Accumulation and release of
petroleum-derived aromatic hydrocarbons by four species of marine animals.
Marine Biology, 1976. 38(3): p. 279-289.
Salazar-Coria, L.;M.A. Rocha-Gómez;F. Matadamas-Martínez;L. Yépez-Mulia,
and A. Vega-López, Proteomic analysis of oxidized proteins in the brain and liver
of the Nile tilapia (Oreochromis niloticus) exposed to a water-accommodated
fraction of Maya crude oil. Ecotoxicology and environmental safety, 2019. 171:
p. 609-620.
Eldanasoury, M.;H. Dighiesh;S. Kamel, and S. Sharaf, Toxicity of Water Soluble
Fractions of Petroleum Crude Oil and its Histopathological Alterations Effects on
Red Tilapia Fish. 2019.
Afshar-Mohajer, N.;M.A. Fox, and K. Koehler, The human health risk estimation
of inhaled oil spill emissions with and without adding dispersant. Science of The
Total Environment, 2019. 654: p. 924-932.
Jariyasopit, N.;P. Tung;K. Su;S. Halappanavar;G.J. Evans;Y. Su;S. Khoomrung,
and T. Harner, Polycyclic aromatic compounds in urban air and associated

83

70.

71.

72.

73.
74.

75.
76.

77.

78.
79.

80.

81.

82.

83.

inhalation cancer risks: A case study targeting distinct source sectors.
Environmental Pollution, 2019. 252: p. 1882-1891.
Ha, H.;K. Park;G. Kang, and S. Lee, QSAR study using acute toxicity of Daphnia
magna and Hyalella azteca through exposure to polycyclic aromatic
hydrocarbons (PAHs). Ecotoxicology, 2019. 28(3): p. 333-342.
Varjani, S.J.;E. Gnansounou, and A. Pandey, Comprehensive review on toxicity of
persistent organic pollutants from petroleum refinery waste and their degradation
by microorganisms. Chemosphere, 2017. 188: p. 280-291.
Ke, C.-L.;Y.-G. Gu;Q. Liu;L.-D. Li;H.-H. Huang;N. Cai, and Z.-W. Sun,
Polycyclic aromatic hydrocarbons (PAHs) in wild marine organisms from South
China Sea: Occurrence, sources, and human health implications. Marine
Pollution Bulletin, 2017. 117(1): p. 507-511.
Tuvikene, A. Responses of fish to polycyclic aromatic hydrocarbons (PAHs). in
Annales Zoologici Fennici. 1995. JSTOR.
Holdway, D.A., The acute and chronic effects of wastes associated with offshore
oil and gas production on temperate and tropical marine ecological processes.
Marine Pollution Bulletin, 2002. 44(3): p. 185-203.
Turner, N.R. and D.A. Renegar, Petroleum hydrocarbon toxicity to corals: A
review. Marine Pollution Bulletin, 2017. 119(2): p. 1-16.
Langangen, Ø.;E. Olsen;L.C. Stige;J. Ohlberger;N.A. Yaragina;F.B. Vikebø;B.
Bogstad;N.C. Stenseth, and D.Ø. Hjermann, The effects of oil spills on marine
fish: Implications of spatial variation in natural mortality. Marine Pollution
Bulletin, 2017. 119(1): p. 102-109.
Troisi, G.;S. Barton, and S. Bexton, Impacts of oil spills on seabirds:
Unsustainable impacts of non-renewable energy. international journal of
hydrogen energy, 2016. 41(37): p. 16549-16555.
Albers, P.H., Petroleum and individual polycyclic aromatic hydrocarbons.
Handbook of ecotoxicology, 1995. 2: p. 330-355.
Chapman, P.;T.L. Wade, and A.H. Knap, Environmental Effects and Management
of Oil Spills on Marine Ecosystems, in Environmental Management of Marine
Ecosystems. 2018, CRC Press. p. 119-146.
Tarr, M.A.;P. Zito;E.B. Overton;G.M. Olson;P.L. Adhikari, and C.M. Reddy,
Weathering of oil spilled in the marine environment. Oceanography, 2016. 29(3):
p. 126-135.
Zhao, X.;W. Liu;J. Fu;Z. Cai;S. O'Reilly, and D. Zhao, Dispersion, sorption and
photodegradation of petroleum hydrocarbons in dispersant-seawater-sediment
systems. Marine pollution bulletin, 2016. 109(1): p. 526-538.
Kim, D.;J.-H. Jung;S.Y. Ha;J.G. An;R. Shankar;J.-H. Kwon;U.H. Yim, and S.H.
Kim, Molecular level determination of water accommodated fraction with
embryonic developmental toxicity generated by photooxidation of spilled oil.
Chemosphere, 2019. 237: p. 124346.
Brakstad, O.G.;P.S. Daling;L.-G. Faksness;I.K. Almås;S.-H. Vang;L. Syslak, and
F. Leirvik, Depletion and biodegradation of hydrocarbons in dispersions and
emulsions of the Macondo 252 oil generated in an oil-on-seawater mesocosm
flume basin. Marine pollution bulletin, 2014. 84(1-2): p. 125-134.

84

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kingston, P.F., Long-term environmental impact of oil spills. Spill Science &
Technology Bulletin, 2002. 7(1-2): p. 53-61.
Wolfe, D.;J. Michel;M. Hameedi;J. Payne;J. Galt;G. Watabayashi;J. Braddock;J.
Short;C. O'Claire, and S. Rice, The fate of the oil spilled from the Exxon Valdez.
Environmental Science & Technology, 1994. 28(13): p. 560A-568A.
De Gouw, J.;A. Middlebrook;C. Warneke;R. Ahmadov;E.L. Atlas;R. Bahreini;D.
Blake;C. Brock;J. Brioude, and D. Fahey, Organic aerosol formation downwind
from the Deepwater Horizon oil spill. Science, 2011. 331(6022): p. 1295-1299.
Yin, L.;M. Zhang;Y. Zhang, and F. Qiao, The long-term prediction of the oilcontaminated water from the Sanchi collision in the East China Sea. Acta
Oceanologica Sinica, 2018. 37(3): p. 69-72.
Carls, M.G.;L. Holland;M. Larsen;T.K. Collier;N.L. Scholz, and J.P. Incardona,
Fish embryos are damaged by dissolved PAHs, not oil particles. Aquatic
toxicology, 2008. 88(2): p. 121-127.
Redman, A.D.;J.D. Butler;D.J. Letinski, and T.F. Parkerton, Investigating the role
of dissolved and droplet oil in aquatic toxicity using dispersed and passive dosing
systems. Environmental toxicology and chemistry, 2017. 36(4): p. 1020-1028.
Hansen, B.H.;T. Parkerton;T. Nordtug;T.R. Størseth, and A. Redman, Modeling
the toxicity of dissolved crude oil exposures to characterize the sensitivity of cod
(Gadus morhua) larvae and role of individual and unresolved hydrocarbons.
Marine pollution bulletin, 2019. 138: p. 286-294.
Burns, K.A.;S.D. Garrity, and S.C. Levings, How many years until mangrove
ecosystems recover from catastrophic oil spills? Marine Pollution Bulletin, 1993.
26(5): p. 239-248.
Wu, W.;P.D. Biber;M.S. Peterson, and C. Gong, Modeling photosynthesis of
Spartina alterniflora (smooth cordgrass) impacted by the Deepwater Horizon oil
spill using Bayesian inference. Environmental Research Letters, 2012. 7(4): p.
045302.
King, S.M.;P.A. Leaf;A.C. Olson;P.Z. Ray, and M.A. Tarr, Photolytic and
photocatalytic degradation of surface oil from the Deepwater Horizon spill.
Chemosphere, 2014. 95: p. 415-422.
Stout, S.A.;S. Rouhani;B. Liu;J. Oehrig;R.W. Ricker;G. Baker, and C. Lewis,
Assessing the footprint and volume of oil deposited in deep-sea sediments
following the Deepwater Horizon oil spill. Marine pollution bulletin, 2017.
114(1): p. 327-342.
Umar, A.A.;I.B.M. Saaid;A.A. Sulaimon, and R.B.M. Pilus, A review of
petroleum emulsions and recent progress on water-in-crude oil emulsions
stabilized by natural surfactants and solids. Journal of Petroleum Science and
Engineering, 2018. 165: p. 673-690.
Irvine, G.V.;D.H. Mann, and J.W. Short, Multi-year Persistence of Oil Mousse on
High Energy Beaches Distant from the Exxon Valdez Spill Origin. Marine
Pollution Bulletin, 1999. 38(7): p. 572-584.
Bacosa, H.P.;M.M. Evans;Q. Wang, and Z. Liu, Assessing the role of
environmental conditions on the degradation of oil following the Deepwater
Horizon Oil Spill, in Oil Spill Environmental Forensics Case Studies. 2018,
Elsevier. p. 617-637.

85

98.

99.

100.
101.

102.

103.

104.

105.
106.
107.
108.

109.

110.

111.

112.

113.

Liu, Z. and J. Liu, Evaluating bacterial community structures in oil collected from
the sea surface and sediment in the northern Gulf of Mexico after the Deepwater
Horizon oil spill. MicrobiologyOpen, 2013. 2(3): p. 492-504.
Al-Majed, A.A.;A.R. Adebayo, and M.E. Hossain, A sustainable approach to
controlling oil spills. Journal of environmental management, 2012. 113: p. 213227.
Muttin, F., Structural analysis of oil-spill containment booms in coastal and
estuary waters. Applied Ocean Research, 2008. 30(2): p. 107-112.
Dave, D. and A.E. Ghaly, Remediation technologies for marine oil spills: A
critical review and comparative analysis. American Journal of Environmental
Sciences, 2011. 7(5): p. 423.
Liu, H.;B. Geng;Y. Chen, and H. Wang, Review on the aerogel-type oil sorbents
derived from nanocellulose. ACS sustainable chemistry & engineering, 2017.
5(1): p. 49-66.
Zhu, Q.;Q. Pan, and F. Liu, Facile removal and collection of oils from water
surfaces through superhydrophobic and superoleophilic sponges. The Journal of
Physical Chemistry C, 2011. 115(35): p. 17464-17470.
Broje, V. and A.A. Keller, Effect of operational parameters on the recovery rate
of an oleophilic drum skimmer. Journal of hazardous materials, 2007. 148(1-2): p.
136-143.
Fritz, D.E., In situ burning of spilled oil in freshwater inland regions of the United
States. Spill Science & Technology Bulletin, 2003. 8(4): p. 331-335.
Yakubu, M.B., Biological approach to oil spills remediation in the soil. African
Journal of Biotechnology, 2007. 6(24).
Kuhad, R.C. and R. Gupta, Biological remediation of petroleum contaminants, in
Advances in applied bioremediation. 2009, Springer. p. 173-187.
Azubuike, C.C.;C.B. Chikere, and G.C. Okpokwasili, Bioremediation techniques–
classification based on site of application: principles, advantages, limitations and
prospects. World Journal of Microbiology and Biotechnology, 2016. 32(11): p.
180.
Zahed, M.A.;H.A. Aziz;M.H. Isa;L. Mohajeri, and S. Mohajeri, Optimal
conditions for bioremediation of oily seawater. Bioresource technology, 2010.
101(24): p. 9455-9460.
Margesin, R. and F. Schinner, Biodegradation and bioremediation of
hydrocarbons in extreme environments. Applied microbiology and biotechnology,
2001. 56(5-6): p. 650-663.
Hokmabad, B.V.;S. Faraji;T.G. Dizajyekan;B. Sadri, and E. Esmaeilzadeh,
Electric field-assisted manipulation of liquid jet and emanated droplets.
International Journal of Multiphase Flow, 2014. 65: p. 127-137.
Faraji, S.;B. Sadri;B.V. Hokmabad;N. Jadidoleslam, and E. Esmaeilzadeh,
Experimental study on the role of electrical conductivity in pulsating modes of
electrospraying. Experimental Thermal and Fluid Science, 2017. 81: p. 327-335.
Gupta, R.K.;G.J. Dunderdale;M.W. England, and A. Hozumi, Oil/water
separation techniques: a review of recent progresses and future directions.
Journal of Materials Chemistry A, 2017. 5(31): p. 16025-16058.

86

114.
115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

Hazen, T.C.;R.C. Prince, and N. Mahmoudi, Marine Oil Biodegradation.
Environmental Science & Technology, 2016. 50(5): p. 2121-2129.
Yuan, X.;X. Zhang;X. Chen;D. Kong;X. Liu, and S. Shen, Synergistic
degradation of crude oil by indigenous bacterial consortium and exogenous
fungus Scedosporium boydii. Bioresource technology, 2018. 264: p. 190-197.
Ron, E.Z., Microbial life on petroleum, in Journey to Diverse Microbial Worlds.
2000, Springer. p. 303-315.
Al-Hawash, A.B.;J.T. Alkooranee;H.A. Abbood;J. Zhang;J. Sun;X. Zhang, and F.
Ma, Isolation and characterization of two crude oil-degrading fungi strains from
Rumaila oil field, Iraq. Biotechnology Reports, 2018. 17: p. 104-109.
Babaei, F. and A. Habibi, Fast Biodegradation of Diesel Hydrocarbons at High
Concentration by the Sophorolipid-Producing Yeast Candida catenulata
KP324968. Journal of molecular microbiology and biotechnology, 2018. 28(5): p.
240-254.
Kamyabi, A.;H. Nouri, and H. Moghimi, Synergistic effect of Sarocladium sp. and
Cryptococcus sp. co-culture on crude oil biodegradation and biosurfactant
production. Applied biochemistry and biotechnology, 2017. 182(1): p. 324-334.
Paulssen, J.M. and L.M. Gieg, Biodegradation of 1-adamantanecarboxylic acid
by algal-bacterial microbial communities derived from oil sands tailings ponds.
Algal Research, 2019. 41: p. 101528.
Chan, S.M.N.;T. Luan;M.H. Wong, and N.F.Y. Tam, Removal and
biodegradation of polycyclic aromatic hydrocarbons by Selenastrum
capricornutum. Environmental Toxicology and Chemistry: An International
Journal, 2006. 25(7): p. 1772-1779.
Hong, Y.-W.;D.-X. Yuan;Q.-M. Lin, and T.-L. Yang, Accumulation and
biodegradation of phenanthrene and fluoranthene by the algae enriched from a
mangrove aquatic ecosystem. Marine Pollution Bulletin, 2008. 56(8): p. 14001405.
Hamouda, R.A.E.F.;N.M. Sorour, and D.S. Yeheia, Biodegradation of crude oil
by Anabaena oryzae, Chlorella kessleri and its consortium under mixotrophic
conditions. International Biodeterioration & Biodegradation, 2016. 112: p. 128134.
Sarpong, D.;S. Oduro-Kwarteng;S. Gyasi;R. Buamah;E. Donkor;E. Awuah, and
M. Baah, Biodegradation by composting of municipal organic solid waste into
organic fertilizer using the black soldier fly (Hermetia illucens)(Diptera:
Stratiomyidae) larvae. International Journal of Recycling of Organic Waste in
Agriculture, 2019. 8(1): p. 45-54.
Eskander, S. and H. Saleh, Biodegradation: process mechanism. Environ. Sci. &
Eng, 2017. 8(8): p. 1-31.
Bonaglia, S.;E. Broman;B. Brindefalk;E. Hedlund;T. Hjorth;C. Rolff;F.J.A.
Nascimento;K. Udekwu, and J.S. Gunnarsson, Activated carbon stimulates
microbial diversity and PAH biodegradation under anaerobic conditions in oilpolluted sediments. Chemosphere, 2020. 248: p. 126023.
Christensen, N.;D.J. Batstone;Z. He;I. Angelidaki, and J. Schmidt, Removal of
polycyclic aromatic hydrocarbons (PAHs) from sewage sludge by anaerobic
degradation. Water Science and Technology, 2004. 50(9): p. 237-244.

87

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Rockne, K.J.;J.C. Chee-Sanford;R.A. Sanford;B.P. Hedlund;J.T. Staley, and S.E.
Strand, Anaerobic naphthalene degradation by microbial pure cultures under
nitrate-reducing conditions. Appl. Environ. Microbiol., 2000. 66(4): p. 15951601.
Rani, K. and G. Dhania, Bioremediation and biodegradation of pesticide from
contaminated soil and water–a noval approach. Int J Curr Microbiol App Sci,
2014. 3(10): p. 23-33.
Prince, R.C. and C.C. Walters, Biodegradation of oil hydrocarbons and its
implications for source identification, in Standard handbook oil spill
environmental forensics. 2016, Elsevier. p. 869-916.
Al-Nasrawi, H., Biodegradation of crude oil by fungi isolated from Gulf of
Mexico. Journal of Bioremediation and Biodegradation, 2012. 3(04): p. 1-6.
AI-Jawhari, I.F.H., Ability of some soil fungi in biodegradation of petroleum
hydrocarbon. Journal of Applied & Environmental Microbiology, 2014. 2(2): p.
46-52.
Rahman, K.S.;T.J. Rahman;Y. Kourkoutas;I. Petsas;R. Marchant, and I. Banat,
Enhanced bioremediation of n-alkane in petroleum sludge using bacterial
consortium amended with rhamnolipid and micronutrients. Bioresource
technology, 2003. 90(2): p. 159-168.
Beaudoin, D.J.;C.A. Carmichael;R.K. Nelson;C.M. Reddy;A.P. Teske, and V.P.
Edgcomb, Impact of protists on a hydrocarbon-degrading bacterial community
from deep-sea Gulf of Mexico sediments: A microcosm study. Deep Sea Research
Part II: Topical Studies in Oceanography, 2016. 129: p. 350-359.
Prince, R.C.;K.M. McFarlin;J.D. Butler;E.J. Febbo;F.C. Wang, and T.J. Nedwed,
The primary biodegradation of dispersed crude oil in the sea. Chemosphere,
2013. 90(2): p. 521-526.
von Netzer, F.;G. Pilloni;S. Kleindienst;M. Krüger;K. Knittel;F. Gründger, and T.
Lueders, Enhanced gene detection assays for fumarate-adding enzymes allow
uncovering of anaerobic hydrocarbon degraders in terrestrial and marine
systems. Appl. Environ. Microbiol., 2013. 79(2): p. 543-552.
Bazylinski, D.A.;C.O. Wirsen, and H.W. Jannasch, Microbial utilization of
naturally occurring hydrocarbons at the Guaymas Basin hydrothermal vent site.
Appl. Environ. Microbiol., 1989. 55(11): p. 2832-2836.
Schwarz, J.;J. Walker, and R. Colwell, Deep-sea bacteria: growth and utilization
of n-hexadecane at in situ temperature and pressure. Canadian Journal of
Microbiology, 1975. 21(5): p. 682-687.
Farhadian, M.;C. Vachelard;D. Duchez, and C. Larroche, In situ bioremediation
of monoaromatic pollutants in groundwater: a review. Bioresource technology,
2008. 99(13): p. 5296-5308.
Varjani, S.J. and V.N. Upasani, A new look on factors affecting microbial
degradation of petroleum hydrocarbon pollutants. International Biodeterioration
& Biodegradation, 2017. 120: p. 71-83.
Xu, X.;Z. Zhai;H. Li;Q. Wang;X. Han, and H. Yu, Synergetic effect of biophotocatalytic hybrid system: g-C3N4 and Acinetobacter sp. JLS1 for enhanced
degradation of C16 alkane. Chemical Engineering Journal, 2017. 323: p. 520529.

88

142.
143.

144.

145.

146.

147.
148.

149.

150.
151.

152.

153.

154.
155.

156.

Adzigbli, L.;H.P. Bacosa, and Y. Deng, Response of microbial communities to oil
spill in the Gulf of Mexico: A review. 2018.
Wang, X.-B.;C.-Q. Chi;Y. Nie;Y.-Q. Tang;Y. Tan;G. Wu, and X.-L. Wu,
Degradation of petroleum hydrocarbons (C6–C40) and crude oil by a novel
Dietzia strain. Bioresource technology, 2011. 102(17): p. 7755-7761.
Ma, Y.-L.;W. Lu;L.-L. Wan, and N. Luo, Elucidation of fluoranthene degradative
characteristics in a newly isolated Achromobacter xylosoxidans DN002. Applied
biochemistry and biotechnology, 2015. 175(3): p. 1294-1305.
Throne-Holst, M.;A. Wentzel;T.E. Ellingsen;H.-K. Kotlar, and S.B. Zotchev,
Identification of novel genes involved in long-chain n-alkane degradation by
Acinetobacter sp. strain DSM 17874. Appl. Environ. Microbiol., 2007. 73(10): p.
3327-3332.
Xia, M.;Y. Liu;A.A. Taylor;D. Fu;A.R. Khan, and N. Terry, Crude oil depletion
by bacterial strains isolated from a petroleum hydrocarbon impacted solid waste
management site in California. International Biodeterioration & Biodegradation,
2017. 123: p. 70-77.
Atlas, R.M. and T.C. Hazen, Oil biodegradation and bioremediation: a tale of the
two worst spills in US history. 2011, ACS Publications.
Bhattacharya, M.;S. Guchhait;D. Biswas, and R. Singh, Evaluation of a microbial
consortium for crude oil spill bioremediation and its potential uses in enhanced
oil recovery. Biocatalysis and agricultural biotechnology, 2019. 18: p. 101034.
Nagkirti, P.;A. Shaikh;G. Vasudevan;V. Paliwal, and P. Dhakephalkar,
Bioremediation of Terrestrial Oil Spills: Feasibility Assessment, in Optimization
and Applicability of Bioprocesses. 2017, Springer. p. 141-173.
Mendes, R.A.P., Bioremediation for mitigation and recovery from oil spill
incidents. 2017.
Atashgahi, S.;I. Sánchez-Andrea;H.J. Heipieper;J.R. van der Meer;A.J. Stams,
and H. Smidt, Prospects for harnessing biocide resistance for bioremediation and
detoxification. Science, 2018. 360(6390): p. 743-746.
Marietou, A.;R. Chastain;F. Beulig;A. Scoma;T.C. Hazen, and D.H. Bartlett, The
effect of hydrostatic pressure on enrichments of hydrocarbon degrading microbes
from the Gulf of Mexico following the Deepwater Horizon oil spill. Frontiers in
microbiology, 2018. 9: p. 808.
Koolivand, A.;M.S. Rajaei;M.J. Ghanadzadeh;R. Saeedi;H. Abtahi, and K.
Godini, Bioremediation of storage tank bottom sludge by using a two-stage
composting system: Effect of mixing ratio and nutrients addition. Bioresource
technology, 2017. 235: p. 240-249.
Kaur, R.;G.K. Mavi, and S. Raghav, Bioremediation of Sludge using
Pseudomonas aeruginosa. Int. J. Curr. Microbiol. App. Sci, 2019. 8(4): p. 69-79.
Chaturvedi, S. and S.P. Khurana, Importance of Actinobacteria for
Bioremediation, in Plant Biotechnology: Progress in Genomic Era. 2019,
Springer. p. 277-307.
Hoff, R.Z., Bioremediation: an overview of its development and use for oil spill
cleanup. Marine pollution bulletin, 1993. 26(9): p. 476-481.

89

157.

158.
159.
160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Autry, A.R. and G.M. Ellis, Bioremediation: An effective remedial alternative for
petroleum hydrocarbon‐contaminated soil. Environmental progress, 1992. 11(4):
p. 318-323.
Vidali, M., Bioremediation. an overview. Pure and applied chemistry, 2001.
73(7): p. 1163-1172.
Shukla, K.P.;N.K. Singh, and S. Sharma, Bioremediation: developments, current
practices and perspectives. Genet Eng Biotechnol J, 2010. 3: p. 1-20.
Xue, J.;Y. Yu;Y. Bai;L. Wang, and Y. Wu, Marine oil-degrading microorganisms
and biodegradation process of petroleum hydrocarbon in marine environments: a
review. Current microbiology, 2015. 71(2): p. 220-228.
Sharma, J., Advantages and Limitations of In Situ Methods of Bioremediation.
Recent Adv Biol Med, 2019. 5(2019): p. 10941.
Azubuike, C.C.;C.B. Chikere, and G.C. Okpokwasili, Bioremediation: An Ecofriendly Sustainable Technology for Environmental Management, in
Bioremediation of Industrial Waste for Environmental Safety. 2020, Springer. p.
19-39.
Tyagi, M.;M.M.R. da Fonseca, and C.C. de Carvalho, Bioaugmentation and
biostimulation strategies to improve the effectiveness of bioremediation
processes. Biodegradation, 2011. 22(2): p. 231-241.
Simarro, R.;N. González;L. Bautista, and M. Molina, Assessment of the efficiency
of in situ bioremediation techniques in a creosote polluted soil: Change in
bacterial community. Journal of hazardous materials, 2013. 262: p. 158-167.
Sarkar, J.;S.K. Kazy;A. Gupta;A. Dutta;B. Mohapatra;A. Roy;P. Bera;A. Mitra,
and P. Sar, Biostimulation of indigenous microbial community for bioremediation
of petroleum refinery sludge. Frontiers in microbiology, 2016. 7: p. 1407.
Roy, A.;A. Dutta;S. Pal;A. Gupta;J. Sarkar;A. Chatterjee;A. Saha;P. Sarkar;P.
Sar, and S.K. Kazy, Biostimulation and bioaugmentation of native microbial
community accelerated bioremediation of oil refinery sludge. Bioresource
technology, 2018. 253: p. 22-32.
Xu, X.;R. Zarecki;S. Medina;S. Ofaim;X. Liu;C. Chen;S. Hu;D. Brom;D. Gat,
and S. Porob, Modeling microbial communities from atrazine contaminated soils
promotes the development of biostimulation solutions. The ISME journal, 2019.
13(2): p. 494-508.
Chandra, S.;R. Sharma;K. Singh, and A. Sharma, Application of bioremediation
technology in the environment contaminated with petroleum hydrocarbon. Annals
of microbiology, 2013. 63(2): p. 417-431.
Primitz, J.V.;S. Vázquez;L. Ruberto;A.L. Balbo, and W. Mac Cormack,
Bioremediation of hydrocarbon contaminated soil from Carlini Station,
Antarctica: effectiveness of different nutrient sources as biostimulation agents.
bioRxiv, 2019: p. 753384.
Wang, H.;Y. Zhao;Y. Wei;Y. Zhao;Q. Lu;L. Liu;N. Jiang, and Z. Wei,
Biostimulation of nutrient additions on indigenous microbial community at the
stage of nitrogen limitations during composting. Waste Management, 2018. 74: p.
194-202.
Das, N. and P. Chandran, Microbial degradation of petroleum hydrocarbon
contaminants: an overview. Biotechnology research international, 2011. 2011.

90

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Delille, D.;E. Pelletier;A. Rodriguez-Blanco, and J.-F. Ghiglione, Effects of
nutrient and temperature on degradation of petroleum hydrocarbons in subAntarctic coastal seawater. Polar Biology, 2009. 32(10): p. 1521-1528.
Liu, W.;Y. Luo;Y. Teng;Z. Li, and L.Q. Ma, Bioremediation of oily sludgecontaminated soil by stimulating indigenous microbes. Environmental
geochemistry and health, 2010. 32(1): p. 23-29.
Röling, W.F.;M.G. Milner;D.M. Jones;K. Lee;F. Daniel;R.J. Swannell, and I.M.
Head, Robust hydrocarbon degradation and dynamics of bacterial communities
during nutrient-enhanced oil spill bioremediation. Appl. Environ. Microbiol.,
2002. 68(11): p. 5537-5548.
Wang, X.;Q. Wang;S. Wang;F. Li, and G. Guo, Effect of biostimulation on
community level physiological profiles of microorganisms in field-scale biopiles
composed of aged oil sludge. Bioresource technology, 2012. 111: p. 308-315.
Zhang, Z. and I.M. Lo, Biostimulation of petroleum-hydrocarbon-contaminated
marine sediment with co-substrate: involved metabolic process and microbial
community. Applied microbiology and biotechnology, 2015. 99(13): p. 56835696.
Goswami, M.;P. Chakraborty;K. Mukherjee;G. Mitra;P. Bhattacharyya;S. Dey,
and P. Tribedi, Bioaugmentation and biostimulation: a potential strategy for
environmental remediation. J. Microbiol. Exp, 2018. 6: p. 223-231.
Nikolopoulou, M. and N. Kalogerakis, Biostimulation strategies for fresh and
chronically polluted marine environments with petroleum hydrocarbons. Journal
of Chemical Technology & Biotechnology: International Research in Process,
Environmental & Clean Technology, 2009. 84(6): p. 802-807.
Adams, G.;P. Tawari-Fufeyin;I. Ehinomen;E. Coli, and C.T. Heterotrophic,
Bioremediation of spent oil contaminated soils using poultry litter. Research
Journal in Engineering and Applied Sciences, 2014. 3(2): p. 124-130.
Agnello, A.C.;M. Bagard;E.D. van Hullebusch;G. Esposito, and D. Huguenot,
Comparative bioremediation of heavy metals and petroleum hydrocarbons cocontaminated soil by natural attenuation, phytoremediation, bioaugmentation and
bioaugmentation-assisted phytoremediation. Science of the Total Environment,
2016. 563: p. 693-703.
Cycoń, M.;A. Mrozik, and Z. Piotrowska-Seget, Bioaugmentation as a strategy
for the remediation of pesticide-polluted soil: A review. Chemosphere, 2017. 172:
p. 52-71.
Sivagurunathan, P.;G. Kumar;P. Bakonyi;S.-H. Kim;T. Kobayashi;K.Q. Xu;G.
Lakner;G. Tóth;N. Nemestóthy, and K. Bélafi-Bakó, A critical review on issues
and overcoming strategies for the enhancement of dark fermentative hydrogen
production in continuous systems. international journal of hydrogen energy, 2016.
41(6): p. 3820-3836.
Mrozik, A. and Z. Piotrowska-Seget, Bioaugmentation as a strategy for cleaning
up of soils contaminated with aromatic compounds. Microbiological research,
2010. 165(5): p. 363-375.
Nwankwegu, A.S. and C.O. Onwosi, Microbial cell immobilization: a
renaissance to bioaugmentation inadequacies. A review. Environmental
Technology Reviews, 2017. 6(1): p. 186-198.

91

185.

186.

187.

188.

189.

190.

191.

192.

193.
194.

195.

196.
197.

Garbisu, C.;O. Garaiyurrebaso;L. Epelde;E. Grohmann, and I. Alkorta, Plasmidmediated bioaugmentation for the bioremediation of contaminated soils. Frontiers
in microbiology, 2017. 8: p. 1966.
Adams, G.O.;P.T. Fufeyin;S.E. Okoro, and I. Ehinomen, Bioremediation,
biostimulation and bioaugmention: a review. International Journal of
Environmental Bioremediation & Biodegradation, 2015. 3(1): p. 28-39.
Innemanová, P.;A. Filipová;K. Michalíková;L. Wimmerová, and T. Cajthaml,
Bioaugmentation of PAH-contaminated soils: A novel procedure for introduction
of bacterial degraders into contaminated soil. Ecological engineering, 2018. 118:
p. 93-96.
Bento, F.M.;F.A. Camargo;B.C. Okeke, and W.T. Frankenberger, Comparative
bioremediation of soils contaminated with diesel oil by natural attenuation,
biostimulation and bioaugmentation. Bioresource technology, 2005. 96(9): p.
1049-1055.
Zhao, F.;P. Li;C. Guo;R.-J. Shi, and Y. Zhang, Bioaugmentation of oil reservoir
indigenous Pseudomonas aeruginosa to enhance oil recovery through in-situ
biosurfactant production without air injection. Bioresource technology, 2018.
251: p. 295-302.
Syranidou, E.;S. Thijs;M. Avramidou;N. Weyens;D. Venieri;I. Pintelon;J.
Vangronsveld, and N. Kalogerakis, Responses of the endophytic bacterial
communities of Juncus acutus to pollution with metals, emerging organic
pollutants and to bioaugmentation with indigenous strains. Frontiers in plant
science, 2018. 9: p. 1526.
Liang, B.;H. Yun;D. Kong;Y. Ding;X. Li;A.S. Vangnai, and A. Wang,
Bioaugmentation of triclocarban and its dechlorinated congeners contaminated
soil with functional degraders and the bacterial community response.
Environmental research, 2020. 180: p. 108840.
Nikolopoulou, M.;P. Eickenbusch;N. Pasadakis;D. Venieri, and N. Kalogerakis,
Microcosm evaluation of autochthonous bioaugmentation to combat marine oil
spills. New biotechnology, 2013. 30(6): p. 734-742.
Nzila, A., Mini review: Update on bioaugmentation in anaerobic processes for
biogas production. Anaerobe, 2017. 46: p. 3-12.
Raper, E.;T. Stephenson;D. Anderson;R. Fisher, and A. Soares, Industrial
wastewater treatment through bioaugmentation. Process Safety and
Environmental Protection, 2018. 118: p. 178-187.
Zawierucha, I. and G. Malina, Bioaugmentation as a method of biodegradation
enhancement in oil hydrocarbons contaminated soil. Ecohydrology &
Hydrobiology, 2006. 6(1-4): p. 163-169.
Guerra, F.D.;M.F. Attia;D.C. Whitehead, and F. Alexis, Nanotechnology for
Environmental Remediation: Materials and Applications. Molecules, 2018. 23(7).
Lu, Y.;J. Yuan;X. Lu;C. Su;Y. Zhang;C. Wang;X. Cao;Q. Li;J. Su;V.
Ittekkot;R.A. Garbutt;S. Bush;S. Fletcher;T. Wagey;A. Kachur, and N. Sweijd,
Major threats of pollution and climate change to global coastal ecosystems and
enhanced management for sustainability. Environmental Pollution, 2018. 239: p.
670-680.

92

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Gulas, S.;M. Downton;K. D'Souza;K. Hayden, and T.R. Walker, Declining Arctic
Ocean oil and gas developments: Opportunities to improve governance and
environmental pollution control. Marine Policy, 2017. 75: p. 53-61.
Zhang, K.-m. and Z.-g. Wen, Review and challenges of policies of environmental
protection and sustainable development in China. Journal of Environmental
Management, 2008. 88(4): p. 1249-1261.
Löhr, A.;H. Savelli;R. Beunen;M. Kalz;A. Ragas, and F. Van Belleghem,
Solutions for global marine litter pollution. Current Opinion in Environmental
Sustainability, 2017. 28: p. 90-99.
Wang, L.;Y. Wang;F. Ma;V. Tankpa;S. Bai;X. Guo, and X. Wang, Mechanisms
and reutilization of modified biochar used for removal of heavy metals from
wastewater: A review. Science of the total environment, 2019.
Wu, Y.;H. Pang;Y. Liu;X. Wang;S. Yu;D. Fu;J. Chen, and X. Wang,
Environmental remediation of heavy metal ions by novel-nanomaterials: a review.
Environmental pollution, 2019. 246: p. 608-620.
Muya, F.N.;C.E. Sunday;P. Baker, and E. Iwuoha, Environmental remediation of
heavy metal ions from aqueous solution through hydrogel adsorption: a critical
review. Water Science and Technology, 2016. 73(5): p. 983-992.
Fiyadh, S.S.;M.A. AlSaadi;W.Z.B. Jaafar;M.K. AlOmar;S.S. Fayaed;N.S.B.
Mohd;L.S. Hin, and A. El-Shafie, Review on heavy metal adsorption processes by
carbon nanotubes. Journal of Cleaner Production, 2019.
Zhao, G.;X. Huang;Z. Tang;Q. Huang;F. Niu, and X. Wang, Polymer-based
nanocomposites for heavy metal ions removal from aqueous solution: a review.
Polymer Chemistry, 2018. 9(26): p. 3562-3582.
Aly, Y.H.;C. Liu;D.P. McInnis;B.A. Lyon;J. Hatton;M. McCarty;W.A.
Arnold;K.D. Pennell, and M.F. Simcik, In situ remediation method for enhanced
sorption of perfluoro-alkyl substances onto Ottawa sand. Journal of
Environmental Engineering, 2018. 144(9): p. 04018086.
Singh, P. and D. Mohan. Sorption studies and characterization of developed
biochar composites for As (III) adsorption from water. in Environmental Arsenic
in a Changing World: Proceedings of the 7th International Congress and
Exhibition on Arsenic in the Environment (AS 2018), July 1-6, 2018, Beijing, PR
China. 2019. CRC Press.
Ibrahim, R.K.;M. Hayyan;M.A. AlSaadi;A. Hayyan, and S. Ibrahim,
Environmental application of nanotechnology: air, soil, and water.
Environmental Science and Pollution Research, 2016. 23(14): p. 13754-13788.
Zhang, W.;D. Zhang, and Y. Liang, Nanotechnology in remediation of water
contaminated by poly- and perfluoroalkyl substances: A review. Environmental
Pollution, 2019. 247: p. 266-276.
Tyagi, S.;D. Rawtani;N. Khatri, and M. Tharmavaram, Strategies for Nitrate
removal from aqueous environment using Nanotechnology: A Review. Journal of
Water Process Engineering, 2018. 21: p. 84-95.
Lead, J.R.;G.E. Batley;P.J. Alvarez;M.N. Croteau;R.D. Handy;M.J.
McLaughlin;J.D. Judy, and K. Schirmer, Nanomaterials in the environment:
behavior, fate, bioavailability, and effects—an updated review. Environmental
toxicology and chemistry, 2018. 37(8): p. 2029-2063.

93

212.
213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

Gao, W. and J. Wang, The environmental impact of micro/nanomachines: a
review. Acs Nano, 2014. 8(4): p. 3170-3180.
Chang, Y.C. and D.H. Chen, Adsorption kinetics and thermodynamics of acid
dyes on a carboxymethylated chitosan‐conjugated magnetic nano‐adsorbent.
Macromolecular bioscience, 2005. 5(3): p. 254-261.
Kumar, E.;A. Bhatnagar;U. Kumar, and M. Sillanpää, Defluoridation from
aqueous solutions by nano-alumina: characterization and sorption studies.
Journal of Hazardous Materials, 2011. 186(2-3): p. 1042-1049.
Kong, L.;M. Han;K. Shih;M. Su;Z. Diao;J. Long;D. Chen, and Y. Peng, Nano-rod
Ca-decorated sludge derived carbon for removal of phosphorus. Environmental
pollution, 2018. 233: p. 698-705.
Natarajan, S.;H.C. Bajaj, and R.J. Tayade, Recent advances based on the
synergetic effect of adsorption for removal of dyes from waste water using
photocatalytic process. Journal of Environmental Sciences, 2018. 65: p. 201-222.
Karn, B.;T. Kuiken, and M. Otto, Nanotechnology and in situ remediation: a
review of the benefits and potential risks. Environmental health perspectives,
2009. 117(12): p. 1813-1831.
Patil, S.S.;U.U. Shedbalkar;A. Truskewycz;B.A. Chopade, and A.S. Ball,
Nanoparticles for environmental clean-up: a review of potential risks and
emerging solutions. Environmental Technology & Innovation, 2016. 5: p. 10-21.
Zhao, X.;W. Liu;Z. Cai;B. Han;T. Qian, and D. Zhao, An overview of preparation
and applications of stabilized zero-valent iron nanoparticles for soil and
groundwater remediation. Water research, 2016. 100: p. 245-266.
Calcagnile, P.;D. Fragouli;I.S. Bayer;G.C. Anyfantis;L. Martiradonna;P.D.
Cozzoli;R. Cingolani, and A. Athanassiou, Magnetically driven floating foams for
the removal of oil contaminants from water. ACS nano, 2012. 6(6): p. 5413-5419.
Jiang, Z.;L.D. Tijing;A. Amarjargal;C.H. Park;K.-J. An;H.K. Shon, and C.S. Kim,
Removal of oil from water using magnetic bicomponent composite nanofibers
fabricated by electrospinning. Composites Part B: Engineering, 2015. 77: p. 311318.
Mirshahghassemi, S.;A.D. Ebner;B. Cai, and J.R. Lead, Application of high
gradient magnetic separation for oil remediation using polymer-coated magnetic
nanoparticles. Separation and Purification Technology, 2017. 179: p. 328-334.
Palchoudhury, S. and J.R. Lead, A facile and cost-effective method for separation
of oil–water mixtures using polymer-coated iron oxide nanoparticles.
Environmental science & technology, 2014. 48(24): p. 14558-14563.
Song, J.E.;T. Phenrat;S. Marinakos;Y. Xiao;J. Liu;M.R. Wiesner;R.D. Tilton, and
G.V. Lowry, Hydrophobic interactions increase attachment of gum arabic-and
PVP-coated Ag nanoparticles to hydrophobic surfaces. Environmental science &
technology, 2011. 45(14): p. 5988-5995.
Cao, X.;A. Alabresm;Y.P. Chen;A.W. Decho, and J. Lead, Improved metal
remediation using a combined bacterial and nanoscience approach. Science of
The Total Environment, 2020. 704: p. 135378.
Petschacher, C.;A. Eitzlmayr;M. Besenhard;J. Wagner;J. Barthelmes;A. BernkopSchnürch;J.G. Khinast, and A. Zimmer, Thinking continuously: a microreactor

94

227.

228.

229.

230.
231.
232.

233.

234.

235.
236.

237.

238.

239.

240.

241.

for the production and scale-up of biodegradable, self-assembled nanoparticles.
Polymer Chemistry, 2013. 4(7): p. 2342-2352.
Ali, A.;M.Z. Hira Zafar;I. ul Haq;A.R. Phull;J.S. Ali, and A. Hussain, Synthesis,
characterization, applications, and challenges of iron oxide nanoparticles.
Nanotechnology, science and applications, 2016. 9: p. 49.
Reddy, L.H.;J.L. Arias;J. Nicolas, and P. Couvreur, Magnetic nanoparticles:
design and characterization, toxicity and biocompatibility, pharmaceutical and
biomedical applications. Chemical reviews, 2012. 112(11): p. 5818-5878.
Gonzalez-Moragas, L.;S.-M. Yu;N. Murillo-Cremaes;A. Laromaine, and A. Roig,
Scale-up synthesis of iron oxide nanoparticles by microwave-assisted thermal
decomposition. Chemical Engineering Journal, 2015. 281: p. 87-95.
Tsuzuki, T., Commercial scale production of inorganic nanoparticles.
International Journal of Nanotechnology, 2009. 6(5-6): p. 567-578.
Mirshahghassemi, S., Application Of Polymer-Coated Magnetic Nanoparticles
For Oil Separation. 2018.
Kadel, K.;S. Mirshahghassemi, and J.R. Lead, Facile Flow-Through Synthesis
Method for Production of Large Quantities of Polyvinylpyrrolidone-Coated
Magnetic Iron Oxide Nanoparticles for Oil Remediation. Environmental
Engineering Science, 2018. 35(2): p. 67-75.
Yu, L.;G. Hao;Q. Liang, and W. Jiang, Fabrication of Magnetic Porous Silica
Submicroparticles for Oil Removal from Water. Industrial & Engineering
Chemistry Research, 2015. 54(38): p. 9440-9449.
Ge, B.;Z. Zhang;X. Zhu;G. Ren;X. Men, and X. Zhou, A magnetically
superhydrophobic bulk material for oil removal. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2013. 429: p. 129-133.
Mueller, N.C. and B. Nowack, Nanoparticles for Remediation: Solving Big
Problems with Little Particles. Elements, 2010. 6(6): p. 395-400.
Gong, J.-L.;B. Wang;G.-M. Zeng;C.-P. Yang;C.-G. Niu;Q.-Y. Niu;W.-J. Zhou,
and Y. Liang, Removal of cationic dyes from aqueous solution using magnetic
multi-wall carbon nanotube nanocomposite as adsorbent. Journal of Hazardous
Materials, 2009. 164(2): p. 1517-1522.
Wu, L.;J. Zhang;B. Li, and A. Wang, Magnetically driven super durable
superhydrophobic polyester materials for oil/water separation. Polymer
Chemistry, 2014. 5(7): p. 2382-2390.
El-Temsah, Y.S. and E.J. Joner, Ecotoxicological effects on earthworms of fresh
and aged nano-sized zero-valent iron (nZVI) in soil. Chemosphere, 2012. 89(1):
p. 76-82.
Sánchez, A.;S. Recillas;X. Font;E. Casals;E. González, and V. Puntes, Ecotoxicity
of, and remediation with, engineered inorganic nanoparticles in the environment.
TrAC Trends in Analytical Chemistry, 2011. 30(3): p. 507-516.
Kamali, M.;A.P.D. Gomes;Z. Khodaparast, and T. Seifi, Review on Recent
Advances in Environmental Remediation and Related Toxicity of Engineered
Nanoparticles. Environmental Engineering and Management Journal, 2016.
15(4): p. 923-934.
Oberdörster, G.;V. Stone, and K. Donaldson, Toxicology of nanoparticles: A
historical perspective. Nanotoxicology, 2007. 1(1): p. 2-25.

95

242.

243.

244.
245.

246.

247.

248.
249.
250.

251.
252.

253.
254.

255.

256.
257.
258.

Sanchez, L.M.;D.G. Actis;J.S. Gonzalez;P.M. Zélis, and V.A. Alvarez, Effect of
PAA-coated magnetic nanoparticles on the performance of PVA-based hydrogels
developed to be used as environmental remediation devices. Journal of
Nanoparticle Research, 2019. 21(3): p. 64.
Camilli, R.R., Christopher M; Yoerger, Dana R; Van Mooy, Benjamin AS;
Jakuba, Michael V; Kinsey, James C; McIntyre, Cameron; Sylva, Sean P;
Maloney, James V, Tracking Hydrocarbon Plume Transport and Biodegradation
at Deepwater Horizon. Science, 2010. 330(6001): p. 201-204.
Barron, M.G., Ecological Impacts of the Deepwater Horizon Oil Spill:
Implications for Immunotoxicity. Toxicol. Pathol. , 2012. 40(2): p. 315-320.
Jayasundara, N.G., Lindsey Van Tiem; Meyer, Joel N; Erwin, Kyle N; Di Giulio,
Richard T, AHR2-Mediated Transcriptomic Responses Underlying the Synergistic
Cardiac Developmental Toxicity of PAHs. Toxicol. Sc., 2015. 143(2): p. 469-481.
Lotufo, G.R., Toxicity of sediment-associated PAHs to an estuarine copepod:
effects on survival, feeding, reproduction and behavior. Mar. Environ. Res., 1997.
44(2): p. 149-166.
Incardona, J.P.G., Luke D; Linbo, Tiffany L; Brown, Tanya L; Esbaugh, Andrew
J; Mager, Edward M; Stieglitz, John D; French, Barbara L; Labenia, Jana S;Laetz,
Cathy A, Deepwater Horizon crude oil impacts the developing hearts of large
predatory pelagic fish. P. Natl. Acad. Sci. USA, 2014. 111(15): p. E1510-E1518.
Ertekin, R.S., H, The Calculation of the Instability Criterion for a Uniform
Viscous Flow Past an Oil Boom. J. Offshore Mech. Arct, 1995. 117(1): p. 24-29.
Lee, C.M.K., Kwan Hyoung, Prediction of oil boom performance in currents and
waves. Spill Sci. Technol. B., 1997. 4(4): p. 257-266.
Lehr, B.B., S; Possolo, A, Oil Budget calculator, deepwater horizon, technical
documentation, USA. A report by: the federal interagency solutions group, oil
budget calculator science and engineering team. 2010.
Broje, V.K., Arturo A, Effect of operational parameters on the recovery rate of an
oleophilic drum skimmer. J. Hazard. Mater., 2007. 148(1): p. 136-143.
Zhu, Q.P., Qinmin; Liu, Fatang, Facile removal and collection of oils from water
surfaces through superhydrophobic and superoleophilic sponges. J. Phys. Chem.
C, 2011. 115(35): p. 17464-17470.
Mullin, J.V.C., Michael A, Introduction/overview to in situ burning of oil spills.
Spill Sci. Technol. B., 2003. 8(4): p. 323-330.
Schein, A.S., Jason A; Mos, Lizzy; Hodson, Peter V, Oil dispersion increases the
apparent bioavailability and toxicity of diesel to rainbow trout (Oncorhynchus
mykiss). Environ. Toxicol. Chem., 2009. 28(3): p. 595-602.
Ramachandran, S.D.H., Peter V; Khan, Colin W; Lee, Ken, Oil dispersant
increases PAH uptake by fish exposed to crude oil. Ecotox. Environ. Safe., 2004.
59(3): p. 300-308.
Atlas, R.a.H., Terry Oil Biodegradation and Bioremediation: A Tale of the Two
Worst Spills in U.S. History. Environ. Sci. Technol., 2011. 45(16): p. 6709-6715.
Lahann, J., Nanomaterials clean up. Nat. Nanotechnol., 2008. 3(6): p. 320-321.
Deng, D.P., Daniel P MacFarlane, John Bagatin, Roberto Stellacci, Francesco
Gschwend, Philip M, Hydrophobic Meshes for Oil Spill Recovery Devices. ACS
Appl. Mater. Interfaces, 2013. 5(3): p. 774-781.

96

259.
260.
261.

262.

263.

264.

265.

266.

267.

268.

269.
270.

271.

272.

Lead, J.R.W., K. J., Aquatic Colloids and Nanoparticles: Current Knowledge and
Future Trends. Environ. Chem., 2006. 3(3): p. 159-171.
Savage, N.D., Mamadou S., Nanomaterials and Water Purification:
Opportunities and Challenges. J. Nanopart. Res., 2005. 7(4): p. 331-342.
Xu, P.Z., Guang Ming; Huang, Dan Lian; Feng, Chong Ling; Hu, Shuang; Zhao,
Mei Hua; Lai, Cui; Wei, Zhen; Huang, Chao; Xie, Geng Xin; Liu, Zhi Feng, Use
of iron oxide nanomaterials in wastewater treatment: A review. Sci. Total
Environ., 2012. 424: p. 1-10.
Boyer, C.W., Michael R; Bulmus, Volga; Liu, Jingquan; Davis, Thomas P, The
design and utility of polymer-stabilized iron-oxide nanoparticles for
nanomedicine applications. NPG Asia Mater., 2010. 2(1): p. 23-30.
Laurent, S.F., Delphine; Port, Marc; Roch, Alain; Robic, Caroline; Vander Elst,
Luce; Muller, Robert N, Magnetic Iron Oxide Nanoparticles: Synthesis,
Stabilization, Vectorization, Physicochemical Characterizations, and Biological
Applications. Chem. Rev., 2008. 108(6): p. 2064-2110.
Palchoudhury, S.L., Jamie R, A facile and cost-effective method for separation of
oil–water mixtures using polymer-coated iron oxide nanoparticles. Environ. Sci.
Technol., 2014. 48(24): p. 14558-14563.
Mirshahghassemi, S.L., Jamie R, Oil Recovery from Water under
Environmentally Relevant Conditions Using Magnetic Nanoparticles. Environ.
Sci. Technol., 2015. 49(19): p. 11729-11736.
Mirshahghassemi, S.C., Bo; Lead, Jamie R, Evaluation of Polymer-Coated
Magnetic Nanoparticles for Oil Separation under Environmentally Relevant
Conditions: Effect of ionic strength and natural organic macromolecules.
Environ. Sci. Nano, 2016. 3: p. 780-787.
Bejarano, A.C., Thomas; He, Lijian; Coull, Bruce C, Individual to population
level effects of South Louisiana crude oil water accommodated hydrocarbon
fraction (WAF) on a marine meiobenthic copepod. J. Exp. Mar. Biol Ecol., 2006.
332(1): p. 49-59.
EPA, U.S., Methods for measuring the acute toxicity of effluents and receiving
waters to freshwater and marine organisms. 2002, EPA-821-R-02-012, 1–266,US
Environmental Protection Agency Office of Water, Washington, DC
Ryder, A.G., Analysis of crude petroleum oils using fluorescence spectroscopy, in
Reviews in Fluorescence 2005. 2005, Springer. p. 169-198.
Bejarano, A.C., G Thomas; Decho, Alan W, Influence of natural dissolved
organic matter (DOM) on acute and chronic toxicity of the pesticides
chlorothalonil, chlorpyrifos and fipronil on the meiobenthic estuarine copepod
Amphiascus tenuiremis. J. Exp. Mar. Biol Ecol., 2005. 321(1): p. 43-57.
Bejarano, A.C.M., Keith A; Chandler, G Thomas, Toxicity assessment of
sediments associated with various land-uses in coastal South Carolina, USA,
using a meiobenthic copepod bioassay. Marine pollution bulletin, 2004. 49(1): p.
23-32.
Chandler, G.T.C., Tawnya L; Bejarano, Adriana C; Pender, Jack; Ferry, John L,
Population Consequences of Fipronil and Degradates to Copepods at Field
Concentrations: An Integration of Life Cycle Testing with Leslie Matrix
Population Modeling. Environ. Sci. Technol., 2004. 38(23): p. 6407-6414.

97

273.
274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.
285.

Chandler, T.G., Andrew Techniques in Aquatic Toxicology. 1996, Lewis
Publishers. p. 23-39.
OECD, New Guidance Document on the Harpacticoid Copepod Development and
Reproduction test with Amphiascus. 2014, OECD Environment, Health and Safety
Publications Series on Testing and Assessment No. 201: Environmental
Directorate, OECD, Paris, (ENV/JM/MONO(2014)-17), 36 pp.
Gauthier, M.J.L., Bnd; Christen, Richard; Fernandez, Luis; Acquaviva, Ml;
Bonin, Patricia; Bertrand, J-C, Marinobacter hydrocarbonoclasticus gen. nov., sp.
nov., a New, Extremely Halotolerant, Hydrocarbon-Degrading Marine
Bacterium. International Journal of Systematic and Evolutionary Microbiology,
1992. 42(4): p. 568-576.
Mounier, J.C., Arantxa; Mitteau, Isabelle; Vaysse, Pierre-Joseph; Goulas,
Philippe; Grimaud, Régis; Sivadon, Pierre, The marine bacterium Marinobacter
hydrocarbonoclasticusSP17 degrades a wide range of lipids and hydrocarbons
through the formation of oleolytic biofilms with distinct gene expression profiles.
FEMS microbiology ecology, 2014. 90(3): p. 816-831.
Barros, A.J., Hirakata, Vânia N, Alternatives for logistic regression in crosssectional studies: an empirical comparison of models that directly estimate the
prevalence ratio. BMC Med. Res. Methodol., 2003. 3(1): p. 21.
Kadel, K.M., Seyyedali; Lead, Jamie R, Facile Flow-Through Synthesis Method
for Production of Large Quantities of Polyvinylpyrrolidone-Coated Magnetic Iron
Oxide Nanoparticles for Oil Remediation. Environ. Eng. Sci., 2017. 35(2).
Mirshahghassemi, S.E., Armin D; Cai, Bo; Lead, Jamie R, Application of high
gradient magnetic separation for oil remediation using polymer-coated magnetic
nanoparticles. Sep. Purif. Technol., 2017. 179: p. 328-334.
Filser, J.A., Darius; Baumann, Jonas; Geppert, Mark; Hackmann, Stephan;
Luther, Eva M; Pade, Christian; Prenzel, Katrin; Wigger, Henning; Arning,
Jürgen, Intrinsically green iron oxide nanoparticles? From synthesis via (eco)toxicology to scenario modelling. Nanoscale, 2013. 5(3): p. 1034-1046.
Tejamaya, M.R.m., Isabella; Merrifield, Ruth C; Lead, Jamie R, Stability of
citrate, PVP, and PEG coated silver nanoparticles in ecotoxicology media.
Environ. Sci. Technol., 2012. 46(13): p. 7011-7017.
Faksness, L.-G.A., Dag; Nordtug, Trond; Daling, Per S; Hansen, Bjørn Henrik,
Chemical comparison and acute toxicity of water accommodated fraction (WAF)
of source and field collected Macondo oils from the Deepwater Horizon spill.
Mar. Pollut. Bull. , 2015. 91(1): p. 222-229.
Almeda, R.W., Zoe ; Wang, Zucheng; Hyatt, Cammie; Liu, Zhanfei; Buskey,
Edward J, nteractions between Zooplankton and Crude Oil: Toxic Effects and
Bioaccumulation of Polycyclic Aromatic Hydrocarbons. PLOS one, 2013. 8(6): p.
e67212.
Harvey, G.R.B., D.A., The geochemistry of humic substance in seawater, in Geol.
J. 1986, Wiley Online Library. p. 213–214.
Matsuo, A.Y.W., Bruce R; Reddy, Christopher M; Val, Adalberto L; Stegeman,
John J, Humic substances and crude oil induce cytochrome P450 1A expression in
the Amazonian fish species Colossoma macropomum (Tambaqui). Environ. Sci.
Technol., 2006. 40(8): p. 2851-2858.

98

286.

287.

288.

289.

290.
291.

292.
293.

294.

295.
296.

297.

298.

299.
300.
301.

Xue, J.;Y. Yu;Y. Bai;L. Wang, and Y. Wu, Marine oil-degrading microorganisms
and biodegradation process of petroleum hydrocarbon in marine environments: a
review. Curr. Microbiol., 2015. 71(2): p. 220-228.
Burghal, A.A.;K.H. Mahdi, and N.A. Al-Mudaffar, Isolation and identification of
actinomycetes strains from oil refinery contaminated soil, Basrah-Iraq. Int. j.
innov. eng. res. technol., 2015. 5(2).
Salcedo, D.L.;L.A. Soto;A. Estradas-Romero, and A.V. Botello, Interannual
variability of soft-bottom macrobenthic communities of the NW Gulf of Mexico in
relationship to the Deepwater Horizon oil spill. Marine Poll. Bull., 2016. 114(2):
p. 987-994.
Lin, Q. and I.A. Mendelssohn, Impacts and recovery of the Deepwater Horizon
oil spill on vegetation structure and function of coastal salt marshes in the
northern Gulf of Mexico. Environ .Sci. Technol., 2012. 46(7): p. 3737-3743.
Whitehead, A., Interactions between oil-spill pollutants and natural stressors can
compound ecotoxicological effects. Integr. Comp. Biol., 2013. 53(4): p. 635-647.
Ertekin, R. and H. Sundararaghavan, The calculation of the instability criterion
for a uniform viscous flow past an oil boom. J. Offshore Mech. Arct. Eng. , 1995.
117(1): p. 24-29.
Lee, C.M. and K.H. Kang, Prediction of oil boom performance in currents and
waves. Spill Sci. Technol. Bull., 1997. 4(4): p. 257-266.
Burghal, A.A.;N.A. Al-Mudaffarand, and K.H. Mahdi, Ex situ bioremediation of
soil contaminated with crude oil by use of actinomycetes consortia for process
bioaugmentation. Euro. J. Exp. Bio., 2015. 5: p. 24-30.
Guidi, G.;M. Sliskovic;A.C. Violante, and L. Vukic, Best available techniques
(BATs) for oil spill response in the Mediterranean Sea: calm sea and presence of
economic activities. Environ. Sci. Pollut. Res., 2016. 23(2): p. 1944-1953.
Mullin, J.V. and M.A. Champ, Introduction/overview to in situ burning of oil
spills. Spill Sci. Technol. Bull., 2003. 8(4): p. 323-330.
Zahed, M.A.;H.A. Aziz;M.H. Isa;L. Mohajeri, and S. Mohajeri, Optimal
conditions for bioremediation of oily seawater. Bioresour. Technol., 2010.
101(24): p. 9455-9460.
Bento, F.M.;F.A. Camargo;B.C. Okeke, and W.T. Frankenberger, Comparative
bioremediation of soils contaminated with diesel oil by natural attenuation,
biostimulation and bioaugmentation. Bioresour. Technol., 2005. 96(9): p. 10491055.
Atlas, R.M. and T.C. Hazen, Oil biodegradation and bioremediation: a tale of the
two worst spills in US history. Environ. Sci. Technol. , 2011. 45 (16): p. 67096715.
Dave, D. and A.E. Ghaly, Remediation technologies for marine oil spills: A
critical review and comparative analysis. Am. J Environ. Sci., 2011. 7(5): p. 423.
Calderon, B. and A. Fullana, Heavy metal release due to aging effect during zero
valent iron nanoparticles remediation. Water Res., 2015. 83: p. 1-9.
Mohmood, I.;C.B. Lopes;I. Lopes;I. Ahmad;A.C. Duarte, and E. Pereira,
Nanoscale materials and their use in water contaminants removal—a review.
Environ. Sci. Pollut. R., 2013. 20(3): p. 1239-1260.

99

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

Khin, M.M.;A.S. Nair;V.J. Babu;R. Murugan, and S. Ramakrishna, A review on
nanomaterials for environmental remediation. Energy Environ. Sci., 2012. 5(8):
p. 8075-8109.
Boyer, C.;M.R. Whittaker;V. Bulmus;J. Liu, and T.P. Davis, The design and
utility of polymer-stabilized iron-oxide nanoparticles for nanomedicine
applications. NPG Asia Mater., 2010. 2(1): p. 23-30.
Laurent, S.;D. Forge;M. Port;A. Roch;C. Robic;L. Vander Elst, and R.N. Muller,
Magnetic iron oxide nanoparticles: synthesis, stabilization, vectorization,
physicochemical characterizations, and biological applications. Chem. Rev.,
2008. 108(6): p. 2064-2110.
Wu, L.;J. Zhang;B. Li, and A. Wang, Magnetically driven super durable
superhydrophobic polyester materials for oil/water separation. Polym. Chem.,
2014. 5(7): p. 2382-2390.
Saber, O.;N. Mohamed, and S. Arafat, Conversion of iron oxide nanosheets to
advanced magnetic nanocomposites for oil spill removal. RSC Adv., 2015. 5(89):
p. 72863-72871.
Kadel, K.;S. Mirshahghassemi, and J.R. Lead, Facile Flow-Through Synthesis
Method for Production of Large Quantities of Polyvinylpyrrolidone-Coated
Magnetic Iron Oxide Nanoparticles for Oil Remediation. Environ. Eng. Sci.,
2017.
Alabresm, A.;S. Mirshahghassemi;G.T. Chandler;A.W. Decho, and J. Lead, Use
of PVP-coated magnetite nanoparticles to ameliorate oil toxicity to an estuarine
meiobenthic copepod and stimulate the growth of oil-degrading bacteria.
Environ. Sci.: Nano, 2017. 4: p. 1859–1865.
Zhang, D.;R.F. Fakhrullin;M. Özmen;H. Wang;J. Wang;V.N. Paunov;G. Li, and
W.E. Huang, Functionalization of whole‐cell bacterial reporters with magnetic
nanoparticles. Microb. Biotechnol., 2011. 4(1): p. 89-97.
Tungittiplakorn, W.;C. Cohen, and L.W. Lion, Engineered polymeric
nanoparticles for bioremediation of hydrophobic contaminants. Environ .Sci.
Technol., 2005. 39(5): p. 1354-1358.
Labson, V.F.;R.N. Clark;G.A. Swayze;T.M. Hoefen;R. Kokaly;K. Livo;M.H.
Powers;G.S. Plumlee, and G.P. Meeker, Estimated Minimum Discharge Rates of
the Deepwater Horizon Spill-Interim Report to the Flow Rate Technical Group
from the Mass Balance Team. 2010, U.S. Geological Survey Open-File Report. p.
2010−1132.
Mirshahghassemi, S.;A.D. Ebner;B. Cai, and J.R. Lead, Application of high
gradient magnetic separation for oil remediation using polymer-coated magnetic
nanoparticles. Sep. Purif. Technol., 2017. 179: p. 328-334.
Mirshahghassemi, S.;B. Cai, and J.R. Lead, Evaluation of polymer-coated
magnetic nanoparticles for oil separation under environmentally relevant
conditions: effect of ionic strength and natural organic macromolecules. Environ.
Sci.: Nano., 2016. 3(4): p. 780-787.
Gummadidala, P.M.;M.E. Holder;J.L. O’Brien;N.J. Ajami;J.F. Petrosino;C.
Mitra;Y.P. Chen;A.W. Decho, and A. Chanda, Complete Genome Sequence of
Vibrio gazogenes ATCC 43942. Genome Announc., 2017. 5(30): p. e00733-17.

100

315.

316.

317.

318.

319.

320.

321.
322.

323.

324.

325.

326.

327.

Farmer, J.;F. Hickman-Brenner;G. Fanning;C.M. Gordon, and D. Brenner,
Characterization of Vibrio metschnikovii and Vibrio gazogenes by DNA-DNA
hybridization and phenotype. J. Clin. Microbiol., 1988. 26(10): p. 1993-2000.
Gauthier, M.J.;B. Lafay;R. Christen;L. Fernandez;M. Acquaviva;P. Bonin, and J.C. Bertrand, Marinobacter hydrocarbonoclasticus gen. nov., sp. nov., a new,
extremely halotolerant, hydrocarbon-degrading marine bacterium. Int. J. Syst.
Evol. Microbiol., 1992. 42(4): p. 568-576.
Mounier, J.;A. Camus;I. Mitteau;P.-J. Vaysse;P. Goulas;R. Grimaud, and P.
Sivadon, The marine bacterium Marinobacter hydrocarbonoclasticus SP17
degrades a wide range of lipids and hydrocarbons through the formation of
oleolytic biofilms with distinct gene expression profiles. FEMS Microbiol. Ecol.,
2014. 90(3): p. 816-831.
Wang, Y.-N.;H. Cai;S.-L. Yu;Z.-Y. Wang;J. Liu, and X.-L. Wu, Halomonas
gudaonensis sp. nov., isolated from a saline soil contaminated by crude oil. Int. J.
Syst. Evol. Microbiol., 2007. 57(5): p. 911-915.
Wang, Y.-N.;H. Cai;C.-Q. Chi;A.-H. Lu;X.-G. Lin;Z.-F. Jiang, and X.-L. Wu,
Halomonas shengliensis sp. nov., a moderately halophilic, denitrifying, crude-oilutilizing bacterium. Int. J. Syst. Evol. Microbiol., 2007. 57(6): p. 1222-1226.
Chappell, P.D.;L.P. Whitney;J.R. Wallace;A.I. Darer;S. Jean-Charles, and B.D.
Jenkins, Genetic indicators of iron limitation in wild populations of Thalassiosira
oceanica from the northeast Pacific Ocean. ISME J., 2015. 9(3): p. 592.
Ron, E.Z. and E. Rosenberg, Enhanced bioremediation of oil spills in the sea.
Curr. Opin. Biotechnol., 2014. 27: p. 191-194.
Hamdan, L.J. and P.A. Fulmer, Effects of COREXIT® EC9500A on bacteria from
a beach oiled by the Deepwater Horizon spill. Aquat. Microb. Ecol. , 2011. 63(2):
p. 101-109.
Rico-Martínez, R.;T.W. Snell, and T.L. Shearer, Synergistic toxicity of Macondo
crude oil and dispersant Corexit 9500A® to the Brachionus plicatilis species
complex (Rotifera). Environ. Pollut., 2013. 173: p. 5-10.
Rosenberg, E.;R. Legman;A. Kushmaro;E. Adler;H. Abir, and E.Z. Ron, Oil
bioremediation using insoluble nitrogen source. J. Biotechnol., 1996. 51(3): p.
273-278.
Ben-Sasson, M.;K.R. Zodrow;Q. Genggeng;Y. Kang;E.P. Giannelis, and M.
Elimelech, Surface functionalization of thin-film composite membranes with
copper nanoparticles for antimicrobial surface properties. Environmental science
& technology, 2013. 48(1): p. 384-393.
Brown, A.N.;K. Smith;T.A. Samuels;J. Lu;S.O. Obare, and M.E. Scott,
Nanoparticles functionalized with ampicillin destroy multiple-antibiotic-resistant
isolates of Pseudomonas aeruginosa and Enterobacter aerogenes and methicillinresistant Staphylococcus aureus. Appl Environ Microbiol, 2012. 78(8): p. 276874.
Corsi, I.;A. Fiorati;G. Grassi;I. Bartolozzi;T. Daddi;L. Melone, and C. Punta,
Environmentally Sustainable and Ecosafe Polysaccharide-Based Materials for
Water Nano-Treatment: An Eco-Design Study. Materials, 2018. 11(7): p. 1228.

101

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

Zhu, M.;G. Nie;H. Meng;T. Xia;A. Nel, and Y. Zhao, Physicochemical properties
determine nanomaterial cellular uptake, transport, and fate. Accounts of
chemical research, 2012. 46(3): p. 622-631.
Donia, D.T. and M. Carbone, Fate of the nanoparticles in environmental cycles.
International Journal of Environmental Science and Technology, 2019. 16(1): p.
583-600.
Jacobson, K.H.;I.L. Gunsolus;T.R. Kuech;J.M. Troiano;E.S. Melby;S.E. Lohse;D.
Hu;W.B. Chrisler;C.J. Murphy;G. Orr;F.M. Geiger;C.L. Haynes, and J.A.
Pedersen, Lipopolysaccharide Density and Structure Govern the Extent and
Distance of Nanoparticle Interaction with Actual and Model Bacterial Outer
Membranes. Environ Sci Technol, 2015. 49(17): p. 10642-50.
Hajipour, M.J.;K.M. Fromm;A.A. Ashkarran;D.J. de Aberasturi;I.R. de
Larramendi;T. Rojo;V. Serpooshan;W.J. Parak, and M. Mahmoudi, Antibacterial
properties of nanoparticles. Trends in biotechnology, 2012. 30(10): p. 499-511.
Rojas, E.R.;G. Billings;P.D. Odermatt;G.K. Auer;L. Zhu;A. Miguel;F.
Chang;D.B. Weibel;J.A. Theriot, and K.C. Huang, The outer membrane is an
essential load-bearing element in Gram-negative bacteria. Nature, 2018.
559(7715): p. 617.
Xia, T.;M. Kovochich;M. Liong;J.I. Zink, and A.E. Nel, Cationic polystyrene
nanosphere toxicity depends on cell-specific endocytic and mitochondrial injury
pathways. ACS nano, 2007. 2(1): p. 85-96.
Reifarth, M.;S. Hoeppener, and U.S. Schubert, Uptake and Intracellular Fate of
Engineered Nanoparticles in Mammalian Cells: Capabilities and Limitations of
Transmission Electron Microscopy—Polymer‐Based Nanoparticles. Advanced
Materials, 2018. 30(9): p. 1703704.
Peñaloza, J.P.;V. Márquez-Miranda;M. Cabaña-Brunod;R. Reyes-Ramírez;F.M.
Llancalahuen;C. Vilos;F. Maldonado-Biermann;L.A. Velásquez;J.A. Fuentes, and
F.D. González-Nilo, Intracellular trafficking and cellular uptake mechanism of
PHBV nanoparticles for targeted delivery in epithelial cell lines. Journal of
nanobiotechnology, 2017. 15(1): p. 1.
Drasler, B.;D. Vanhecke;L. Rodriguez-Lorenzo;A. Petri-Fink, and B. RothenRutishauser, Quantifying nanoparticle cellular uptake: which method is best?
Nanomedicine, 2017. 12(10): p. 1095-1099.
Verma, S.K.;E. Jha;B. Sahoo;P.K. Panda;A. Thirumurugan;S. Parashar, and M.
Suar, Mechanistic insight into the rapid one-step facile biofabrication of
antibacterial silver nanoparticles from bacterial release and their biogenicity and
concentration-dependent in vitro cytotoxicity to colon cells. RSC Advances, 2017.
7(64): p. 40034-40045.
Xu, X.-H.N.;W.J. Brownlow;S.V. Kyriacou;Q. Wan, and J.J. Viola, Real-time
probing of membrane transport in living microbial cells using single nanoparticle
optics and living cell imaging. Biochemistry, 2004. 43(32): p. 10400-10413.
Huang, Z.;X. Zheng;D. Yan;G. Yin;X. Liao;Y. Kang;Y. Yao;D. Huang, and B.
Hao, Toxicological effect of ZnO nanoparticles based on bacteria. Langmuir,
2008. 24(8): p. 4140-4144.
Grigor’eva, A.;I. Saranina;N. Tikunova;A. Safonov;N. Timoshenko;A. Rebrov,
and E. Ryabchikova, Fine mechanisms of the interaction of silver nanoparticles

102

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

with the cells of Salmonella typhimurium and Staphylococcus aureus. Biometals,
2013. 26(3): p. 479-488.
Verrneulen, L.M.P.;T. Brans;S.C. De Smedt;K. Remaut, and K. Braeckmans,
Methodologies to investigate intracellular barriers for nucleic acid delivery in
non-viral gene therapy. Nano Today, 2018. 21: p. 74-90.
Dan, Y.B.;X.M. Ma;W.L. Zhang;K. Liu;C. Stephan, and H.L. Shi, Single particle
ICP-MS method development for the determination of plant uptake and
accumulation of CeO2 nanoparticles. Analytical and Bioanalytical Chemistry,
2016. 408(19): p. 5157-5167.
Cutrona, M.B. and J.C. Simpson, A High-Throughput Automated Confocal
Microscopy Platform for Quantitative Phenotyping of Nanoparticle Uptake and
Transport in Spheroids. Small, 2019. 15(37): p. e1902033.
Nomura, T.;Y. Kuriyama;S. Toyoda, and Y. Konishi, Direct measurements of
colloidal behavior of polystyrene nanoparticles into budding yeast cells using
atomic force microscopy and confocal microscopy. Colloids and Surfaces aPhysicochemical and Engineering Aspects, 2018. 555: p. 653-659.
Stojak, A.R.;T. Raftery;S.J. Klaine, and T.L. Mcnealy, Morphological responses
of Legionella pneumophila biofilm to nanoparticle exposure. Nanotoxicology,
2011. 5(4): p. 730-742.
Zhao, J.;X. Cao;X. Liu;Z. Wang;C. Zhang;J.C. White, and B. Xing, Interactions
of CuO nanoparticles with the algae Chlorella pyrenoidosa: adhesion, uptake,
and toxicity. Nanotoxicology, 2016. 10(9): p. 1297-1305.
Vranic, S.;N. Boggetto;V. Contremoulins;S. Mornet;N. Reinhardt;F. Marano;A.
Baeza-Squiban, and S. Boland, Deciphering the mechanisms of cellular uptake of
engineered nanoparticles by accurate evaluation of internalization using imaging
flow cytometry. Particle and fibre toxicology, 2013. 10(1): p. 1.
Xing, B.;C.D. Vecitis, and N. Senesi, Engineered nanoparticles and the
environment: biophysicochemical processes and toxicity. Vol. 4. 2016: John
Wiley & Sons.
Mosquera, J.;I. Garcia, and L.M. Liz-Marzan, Cellular Uptake of Nanoparticles
versus Small Molecules: A Matter of Size. Accounts of Chemical Research, 2018.
51(9): p. 2305-2313.
Belade, E.;L. Armand;L. Martinon;L. Kheuang;J. Fleury-Feith;A. BaezaSquiban;S. Lanone;M.-A. Billon-Galland;J.-C. Pairon, and J. Boczkowski, A
comparative transmission electron microscopy study of titanium dioxide and
carbon black nanoparticles uptake in human lung epithelial and fibroblast cell
lines. Toxicology in Vitro, 2012. 26(1): p. 57-66.
Jochums, A.;E. Friehs;F. Sambale;A. Lavrentieva;D. Bahnemann, and T. Scheper,
Revelation of different nanoparticle-uptake behavior in two standard cell lines
NIH/3T3 and A549 by flow cytometry and time-lapse imaging. Toxics, 2017. 5(3):
p. 15.
Gao, M.;H. Su;G. Lin;S. Li;X. Yu;A. Qin;Z. Zhao;Z. Zhang, and B.Z. Tang,
Targeted imaging of EGFR overexpressed cancer cells by brightly fluorescent
nanoparticles conjugated with cetuximab. Nanoscale, 2016. 8(32): p. 1502715032.

103

353.

354.

355.

356.
357.

358.

359.

360.

361.

362.

363.

364.

365.

Mirshahghassemi, S. and J.R. Lead, Oil Recovery from Water under
Environmentally Relevant Conditions Using Magnetic Nanoparticles.
Environmental Science & Technology, 2015. 49(19): p. 11729-11736.
Mirshahghassemi, S.;B. Cai, and J.R. Lead, Evaluation of polymer-coated
magnetic nanoparticles for oil separation under environmentally relevant
conditions: effect of ionic strength and natural organic macromolecules.
Environmental Science: Nano, 2016. 3(4): p. 780-787.
Alabresm, A.;Y.P. Chen;A.W. Decho, and J. Lead, A novel method for the
synergistic remediation of oil-water mixtures using nanoparticles and oildegrading bacteria. Science of the Total Environment, 2018. 630: p. 1292-1297.
Oviedo, C. and J. Rodríguez, EDTA: the chelating agent under environmental
scrutiny. Quimica Nova, 2003. 26(6): p. 901-905.
Eagon, R.G. and K.J. Carson, Lysis of cell walls and intact cells of Pseudomonas
aeruginosa by ethylenediamine tetraacetic acid and by lysozyme. Canadian
journal of microbiology, 1965. 11(2): p. 193-201.
Gray, G. and S. Wilkinson, The effect of ethylenediaminetetra-acetic acid on the
cell walls of some gram-negative bacteria. Microbiology, 1965. 39(3): p. 385399.
Baalousha, M.;A. Prasad, and J. Lead, Quantitative measurement of the
nanoparticle size and number concentration from liquid suspensions by atomic
force microscopy. Environmental Science: Processes & Impacts, 2014. 16(6): p.
1338-1347.
Prasad, A.;J. Lead, and M. Baalousha, An electron microscopy based method for
the detection and quantification of nanomaterial number concentration in
environmentally relevant media. Science of the Total Environment, 2015. 537: p.
479-486.
Wilkinson, K.J.;E. Balnois;G.G. Leppard, and J. Buffle, Characteristic features of
the major components of freshwater colloidal organic matter revealed by
transmission electron and atomic force microscopy. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 1999. 155(2-3): p. 287-310.
Graham, L.L. and T. Beveridge, Evaluation of freeze-substitution and
conventional embedding protocols for routine electron microscopic processing of
eubacteria. Journal of bacteriology, 1990. 172(4): p. 2141-2149.
Le Brun, A.P.;L.A. Clifton;C.E. Halbert;B. Lin;M. Meron;P.J. Holden;J.H.
Lakey, and S.A. Holt, Structural characterization of a model gram-negative
bacterial surface using lipopolysaccharides from rough strains of Escherichia
coli. Biomacromolecules, 2013. 14(6): p. 2014-2022.
Ivask, A.;A. ElBadawy;C. Kaweeteerawat;D. Boren;H. Fischer;Z. Ji;C.H.
Chang;R. Liu;T. Tolaymat, and D. Telesca, Toxicity mechanisms in Escherichia
coli vary for silver nanoparticles and differ from ionic silver. Acs Nano, 2013.
8(1): p. 374-386.
Thill, A.;O. Zeyons;O. Spalla;F. Chauvat;J. Rose;M. Auffan, and A.M. Flank,
Cytotoxicity of CeO2 nanoparticles for Escherichia coli. Physico-chemical insight
of the cytotoxicity mechanism. Environ Sci Technol, 2006. 40(19): p. 6151-6.

104

366.

367.

Hamilton-Miller, J., Damaging effects of ethylenediaminetetra-acetate and
penicillins on permeability barriers in Gram-negative bacteria. Biochemical
Journal, 1966. 100(3): p. 675.
Amro, N.A.;L.P. Kotra;K. Wadu-Mesthrige;A. Bulychev;S. Mobashery, and G.-y.
Liu, High-resolution atomic force microscopy studies of the Escherichia coli
outer membrane: structural basis for permeability. Langmuir, 2000. 16(6): p.
2789-2796.

105

APPENDIX A: IMPROVED METAL REMEDIATION USING A COMBINED
BACTERIAL AND NANOSCIENCE APPROACH

106

107

108

109

110

111

112

113

APPENDIX B: LICENSE AGREEMENT FOR CHAPTER 2

114

APPENDIX C: LICENSE AGREEMENT FOR CHAPTER 3

115

APPENDIX D: LICENSE AGREEMENT FOR APPENDIX A

116

